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Abstract

This thesis investigates two complementary quantum technologies for secure optical commu-
nication: spin dynamics in telecom C-band quantum dots and a high-bandwidth source-device-
independent quantum random number generator. Together, they address two central requirements
of quantum networks: long-lived spin memories for quantum repeaters and secure, high-rate en-
tropy generation for quantum key distribution.

The first part studies the spin dynamics of InAs/InGaAs/InP quantum dots grown by strain-free
droplet epitaxy using time-resolved Faraday ellipticity. Compared to Stranski-Krastanov grown
telecom dots, droplet epitaxy shows improved spin properties, including an electron spin relaxation
time of 3.0 us and reduced in-plane electron g-factor anisotropy, indicating enhanced structural
symmetry. Polarization recovery and Hanle measurements reveal nuclear spin lifetimes comparable
to electron spin lifetimes, attributed to quadrupolar interactions arising from Ga-In interdiffusion.
These results demonstrate the advantages of droplet epitaxy over strain-based growth and indicate
further potential through optimized material compositions.

The second part investigates one-, two-, and four-layer InAs/InAlGaAs Stranski-Krastanov
quantum dots to assess layer-dependent carrier type and spin coherence. Increasing layer number
induces a transition from electron to hole resident carriers due to interlayer tunnelling into lower-
energy dots, the emergence of spin-mode locking for four or more layers, and the appearance of a
non-oscillating spin component likely associated with reduced heavy-hole/light-hole mixing. Al-
though droplet epitaxy samples exhibit superior spin parameters overall, no spin-mode locking is
observed, potentially due to shorter transverse coherence or electron-dominated charging.

The final part presents a source-device-independent quantum random number generator based
on heterodyne detection of vacuum fluctuations. Using a 90° optical hybrid, balanced photode-
tectors, a dual-channel 12-bit ADC operating at 3.2 GS/s per channel, and FPGA-implemented
Toeplitz hashing with PCle transfer, a total extracted bandwidth of 33.91 Gbit/s is achieved. The

system assumes no trust in the optical source and performs all extraction in hardware, maintaining
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security even under adversarial state preparation.
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Introduction

1.1 Motivation

Quantum technologies have become a central focus of modern physics and engineering, offering
new approaches to communication, computation, and metrology. These technologies exploit the
intrinsic properties of quantum systems, such as superposition, entanglement, and quantum mea-
surement uncertainty, which helps realize functionalities that are not attainable by any classical
means. Advances in materials science, nanofabrication, and optical measurement have particularly
enabled experimental access to different quantum phenomena in quantum optics. These devel-
opments have established the foundation for applications such as secure key distribution, photonic
quantum computation and quantum-enhanced metrology, where the ability to manipulate and mea-
sure individual quantum systems plays a central role [4].

Particularly important is the development of secure communications using quantum technol-
ogy. As quantum technologies become increasingly advanced, particularly quantum computing,
classical communication channels become at risk to decryption using quantum computation algo-
rithms which exponentially reduce the amount of time required to break the key-exchange algo-
rithms of asymmetric encryption, which uses factorization and discrete logarithms [5]. However,
this only applies to currently used encryption algorithms and there already exists post-quantum
classical cryptography, which currently has no realistic method to be broken even by quantum
computing [6]. Nonetheless, as technology further develops, new attack vectors may present which

could still break the post-quantum cryptography algorithms. Quantum key distribution (QKD) re-
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solves this intrinsic issue by relying on quantum phenomena to prevent any man in the middle
attacks on transferred keys, which then allows the use of secure symmetric encryption algorithms
with the exchanged keys [7].

The focus of this thesis is to experimentally investigate photonic quantum technologies (specif-
ically quantum dots (QDs) and heterodyne measured vacuum fluctuations) for the potential use
of establishing secure communication networks. In particular, two different aspects are covered:
spin dynamics of telecom C-band QDs for the potential use as quantum repeaters for long range
QKD [8] and high bandwidth source-device-independent (DI) quantum random number generator
(QRNG) for the practical generation of secure keys in QKD systems. Although these two topics dif-
fer in implementation, they share a common objective of enabling scalable and verifiable quantum
communication. The first part addresses the challenge of realizing QD-based quantum memories
that operate at wavelengths compatible with existing fiber infrastructure, while maintaining long
spin coherence. The second part focuses on the realization of quantum entropy sources capable
of producing high-rate random numbers with quantifiable security models, which are essential for
implementing fast and trustworthy QKD schemes.

The first part is further split into two separate chapters with differing potential uses regarding
quantum repeaters. For the first chapter, simple, effectively single-layer QD ensemble structure is
covered, with the idea that a different, strain-free method could result in improved coherence times,
improving the potential in being used as quantum memory for quantum repeater applications. The
second chapter examines QDs grown by the standard strain method. The difference here is that
a multi-layer structure is investigated. Firstly, the goal was to investigate how the spin properties
change and whether improvement can be seen in terms of coherence. This was indeed the case since
from all the investigated QD structures, coherence time 75 was only possible to be measured with
an increased layer count. Moreover, not only resident carriers can be used as quantum memory.
It has been theoretically demonstrated that QD molecules can be used as repeaters and that they
also have potential for significantly longer coherence times [9]. While conclusive evidence was not
seen for the existence of QD molecules, a stacked QD structure is necessary to form them and a
telecom C-band stacked QD structure was successfully measured and investigated, paving the way
for future QD molecule research.

Overall, a quantum communications network ties QDs and QRNGs together by addressing
complementary requirements of the same underlying goal: distributing secure keys over distances

beyond what direct transmission allows. In a QKD link, photons carrying entangled states are
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attenuated as they travel through fiber [10], and because quantum states cannot be copied, the
classical method of reading and re-broadcasting a weakening signal is not possible. The solution
is the quantum repeater, which divides a long link into shorter segments, generates entanglement
within each segment, and then joins these segments through entanglement swapping at intermediate
nodes, extending entanglement across the full distance without ever measuring the transmitted
key [11]. This process depends on a stationary system that can hold a quantum state long enough
for the neighbouring segments to be ready, which is precisely the role of a quantum memory. QD
spins are well suited to this task, since a resident electron or hole spin can store quantum information
while the QD itself couples efficiently to single-mode fiber and emits in the telecom C-band, which
is advantageous due to already existing extensive C-band fiber infrastructure.

In order to achieve actual transmission of entanglement over long distances, two nodes swap-
ping entanglement is not enough. Intermediate nodes are necessary where entangled pairs have to
be stored and then entangled between each other to actually transfer the entanglement between the
start and end nodes. One proposed way to do it is by dipole-dipole interactions between excitons
in two or more quantum dots as the local coupling mechanism [12]. In the multi-layer structure
investigated thesis excitons are not considered as potential quantum memory, rather resident carri-
ers are. Quantum repeater protocols have been developed where potentially stacked QDs could be
used for entangling the two electron spin stored states in the intermediate node, allowing for long-
distance transmission [13]. This is another potential application of the investigated multi-layer
structure. While spin coupling between QDs was not investigated in this thesis, the multi-layer QD
structure was shown to be optically active and that it has measurable spin coherence, which makes
it a potential platform for quantum repeaters not only as quantum memory.

The same network places equally strict demands on the generation of the keys themselves.
Many of the most secure QKD schemes are entanglement-based: rather than one party preparing
and sending states, both parties share entangled pairs and measure them independently, deriving a
key from their correlated outcomes [14]. Such protocols are attractive because their security can
be made device-independent, meaning it rests on the observed quantum correlations, which are not
affected by classical imperfection in source and measurement devices, so that even imperfect or
partially adversarial devices cannot compromise the key without being detected. Distributing en-
tanglement in this way over long distances is exactly the problem that quantum repeaters, and hence
QD spin memories, are intended to solve. Underpinning all of these protocols is the need for gen-

uinely unpredictable random numbers, used to choose measurement bases, seed privacy amplifica-
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tion, and form the keys themselves. Any predictability in these choices opens an attack channel, and
because deterministic classical generators cannot provide true unpredictability, a QRNG drawing
its randomness from the intrinsic indeterminacy of quantum measurement is required. To keep pace
with QKD systems operating at GHz rates, this entropy source must also be fast and carry a quan-
tifiable security model, which motivates the high-bandwidth source-device-independent QRNG
developed in the final part of this thesis. Together, the QD spin memories of the first chapters and
the QRNG of the later chapters form an effective secure quantum communication network based

on entangled state measurement QKD.

1.2 Thesis Outline

Chapter 2 focuses on providing the necessary background required for the main chapters of the
thesis. The chapter starts with covering the fundamental principles of QDs and their growth meth-
ods. Afterwards, the most attention is given to the spin dynamics of QDs, specifically for ensemble
samples. Spin polarization, precession, coherence and longitudinal spin lifetimes are covered, how
relaxation mechanisms impact the lifetimes and lastly spin mode locking, which is relevant for spin
coherence. The other part of the background is the quantum cryptography, which is necessary for
the QRNG part of the thesis. The section starts out with providing context on QKD, which is
necessary for the understanding for what QRNG is used. Then it covers how quantum mechanics
are utilized to generate true randomicity. Lastly, theory is provided how vacuum fluctuations are
measured by light field quadratures, which is used in this thesis for QRNG, and then measurement
imperfections are covered, what are the potential insecurities of QRNG and how they are taken into
account.

Chapter 3 covers the experimental methods that were used to obtain the results detailed in the
main chapters. This chapter only covers the methods of QD samples, since the QRNG measure-
ments are relatively simpler and covered in Chapter 6. The first few sections cover the theoretical
background of the measurements. In particular, Faraday effect, Hanle Effect and spin inertia are
described. Then the actual set-up is covered in detail and how each part of the set-up is utilized
in measurements. Again, the set-up is only covered for the QD samples, since for the QRNG it is
fully covered in Chapter 6.

The thesis is written in publication format, which means that the results chapters are taken from

published articles [1, 2, 3] and reformatted to fit the style of the thesis. The main chapters cover
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the two parts mentioned in the introduction. The first two content chapters investigate two different
QD samples which were grown by different methods and are structurally different. The last results
chapter covers the source-DI heterodyne QRNG.

Chapter 4 presents the results of a metalorganic vapour-phase epitaxy (MOVPE) droplet epitaxy
(DE) grown QDs. The chapter discusses the details of the sample, particularly its composition and
growth method. The main results presented are the calculated carrier g-factors, their anisotropy,
dephasing, longitudinal spin relaxation times, and polarization recovery curve (PRC)/Hanle effect
curves plotted in combination. The discussion investigates resident carrier determination in the
sample, nuclear spin effects on carrier spins and the observed spin lifetime values.

Chapter 5 investigates three different QD samples grown by molecular beam epitaxy (MBE)
using the Stranski-Krastanov (SK) method. The three samples are one-, two-, and four-layer with
barriers thin enough to allow tunneling of electrons. Similar experiments were done to Chapter 4
and results presented as in the previous chapter. However, additional results were shown for effects
of interest, such as change of resident carriers with more layers and an appearing non-oscillating
component. The discussion primarily focuses on interpreting the previously not seen effects.

Chapter 6 presents the developed source-DI QRNG based on heterodyne measurement of vac-
uum fluctuations. The chapter is split into effectively three parts. First part covers the source-DI
security model and how different measurement electronic imperfections are taken into account.
The second part covers the field programmable gate array (FPGA) implementation in detail and
how it manages real-time randomness extraction. Lastly, the results are presented, which are in
the form of what parameters for the security model were calculated, the achieved bandwidth and
statistical tests that certify that no non-random patterns are found (important to clarify that these
tests do not show whether true randomicity is achieved).

Chapter 7 provides a summary of all the results, presents a comparison of results between
Chapters 4 and 5 and relates the main text chapters to potential QKD applications. Lastly, potential
future work is provided. Both short-term improvements and ideas and long-term extension to the

projects are provided.



Background

This chapter provides an overview of QDs, their optical and electronic properties, their spin
dynamics and growth using different epitaxial methods. It also briefly covers quantum cryptogra-
phy topics such as QRNGs and QKD. While a part of the theory is covered in the main content
chapters themselves, they do not provide enough required context as they are written for journal
publications. Therefore, the required background for the publications is covered more extensively

in this chapter.

2.1 Quantum Dots

2.1.1 Fundamental Physics of Quantum Dots

Quantum Confinement in Semiconductors

Quantum dots are semiconductor devices that use semiconductor materials with different band
gap values to create a three-dimensional region for confining charge carriers [15]. The de Broglie

wavelength for the electron can be approximated as follows:

h
\/mjkBT

where \p is the de Broglie wavelength, h is the Planck constant, m is the effective electron mass,

AD ~ (2.1)

kg is the Boltzmann constant and 7" is the temperature. If all the dimensions in a bulk semiconduc-
tor are longer than the electron wavelength, the electron is free to travel in any direction. However,

if one of the dimensions is reduced to be smaller than the wavelength, the electron’s motion be-
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comes quantized in that direction, causing confinement.

If the confinement is within a single dimension, it is considered a quantum well, in two, quan-
tum wire and in three, quantum dot. As the number of confined dimensions change, so does the
density of states. When all three dimensions are confined, the density of states become discrete.
In this case, a quantum dot can be approximated to a two-level system, similar to an atom, which
is why QDs are sometimes called artificial atoms. Fig. 2.1 shows how the density of states change

with confinement.

Bulk Quantum Wire Quantum Dot

Figure 2.1: Illustration of quantum confinement effects across different dimensional structures.
The figure demonstrates the structural geometries and corresponding density of states for bulk
semiconductors, quantum wells, quantum wires, and quantum dots. In bulk materials, carri-
ers experience unrestricted motion and a continuous density of states. Quantum wells exhibit
one-dimensional confinement resulting in step-like density functions. Quantum wires show two-
dimensional confinement with increasingly discrete energy states. Quantum dots represent three-
dimensional confinement where the density of states becomes completely discrete, resembling
atomic energy levels.

Effective Mass Approximation

The understanding of effective mass in semiconductors emerges from examining the energy-momentum
dispersion relation for electrons in crystalline solids. In free space, electrons follow the parabolic

dispersion [16]:
h2 k2

FE =
2m0

2.2)
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where /i is the reduced Planck’s constant, k is the wavevector and my is the mass. In this case, the
curvature of the relationship is determined by 1/mg. In crystalline semiconductors, the periodic
potential creates band structures that deviate from the free electron case. Particularly, near band
gaps, there are regions of high curvature. Therefore, this can result in the mass to be reduced by a
factor of 10 to 100 [16]. This results in the effective mass quantity, which does not actually mean
that the mass of the carrier changes; rather it quantifies how much a carrier in a periodic potential
is accelerated relative to the lattice when an electric or a magnetic field is applied. The effective
mass can be defined as [16]:
1 1d%

where € is the energy.

This is of relevance since usually QDs are made with III-V semiconductor materials. Ef-
fective mass impacts several qualities, such as tunneling, assuming the barrier thickness is small
enough [ 1 7] or various spin properties of the carriers [ 18]. It has been shown that in indium arsenide

(InAs) systems, the electron effective mass is m; = 0.04mg and hole m; = 0.34mg [19].

2.1.2 Optoelectronic Properties

Electronic Structure

QDs have an atomic like behavior due to their electronic structure which can be approximated
to a two-level system. It has been demonstrated that the energy levels in QDs can be modeled
using a parabolic confinement potential along the growth axis [20]. Moreover, the shape of grown
QDs tend to be broader in the lateral dimension than in height (more on QD growth in Section 2.2),
resulting in the in-plane orbital wavefunction exhibiting circular symmetry and harmonic oscillator
behavior [21]. This electronic structure is similar to atomic systems, allowing the energy levels to
be classified using familiar atomic notation (s, p, d...).

Fig. 2.2 shows a typical III-V semiconductor band structure. At the top is the conduction band
(black), and at the bottom are the three valence bands (red).

When an electron is excited, it jumps from the valence band to the conduction band, leaving
behind a hole. The electron and hole attract each other via Coulomb interaction and form a bound
state quasi-particle called an exciton. Both electron and hole are fermionic particles with spins
i%, therefore, in a QD, the s-shell can only be occupied by two carriers of opposing spin and the

p-shell four carriers (assuming no degeneracy between HH and LH bands) due to Pauli exclusion
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e

Se,==+1/2—J=1/2
Conduction band

E, Direct bandgap

[A
I,z = £3/2
hh

Valence band

J=3/2

Ih Jin, = £1/2

Jooz = +1/2——J =1/2

SO

I'-valley

Figure 2.2: The electronic band structure of a typical direct bandgap III-V semiconductor consists
of distinct conduction and valence band regions. The conduction band (shown in color black)
comprises a single band where electrons reside, positioned above the valence band and separated
from it by the fundamental band gap energy (F,). The valence band structure is more complex,
containing holes and divided into three distinct subbands (shown in color red): the heavy-hole
(HH) band, light-hole (LH) band, and split-off band. The spin-orbit coupling creates an energy
separation A between the split-off band and the heavy/light hole bands. At the I'-point (k = 0),
the heavy hole and light hole bands are energetically degenerate (in unstrained materials), but this
degeneracy is lifted as the wave vector k increases away from the zone center, causing the bands to
separate in energy.
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principle.

The electronic band structure of bulk III-V semiconductors shows distinct orbital contributions:
s orbitals from the constituent atoms form the conduction band [22], while the valence band displays
mainly p-orbital character with some d-orbital involvement [23]. Therefore, electron wavefunctions
take on s-type atomic characteristics, resulting in zero orbital angular momentum (L. = 0). The total
angular momentum of a carrier is:

J=L+S (2.4)

where S is the spin angular momentum. The eigenvalues of angular momentum are || — s| < J <
|l+ s| [24]. This results in an electron having only two projections along the z-axis, spin up (—1—%, )
and spin down (—%, ).

For the hole, it is not as simple as for electron due to holes having p-type wavefunctions. This
means the angular momentum for holes is |[L| = 1, therefore, the eigenvalues in this case are
J =3/2and J = 1/2. In terms of z-axis projection, the eigenvalue J = 3/2 can have projections
J, = £1/2,£3/2, where the J, = +3/2 is considered HH and J, = 41/2 is considered the LH
bands. The eigenvalue J = 1/2 can have J, = £1/2, where this is considered the spin-orbit band.
These three bands are shown in Fig. 2.2. Between the HH, LLH and spin-orbit bands there is the
spin-orbit splitting, which is usually in the range of 0.1 to 0.5 eV for III-V semiconductors [25].
Moreover, the HH and [L.H bands are degenerate if the structure is symmetric. However, the aspect
ratio of quantum dots is usually more than unity, which results in broken symmetry and so lifting
the HH-LH degeneracy [20]. Usually, the [.LH band is found at higher energies, so in most cases,

the two-level approximation is applied between the HH band and the conduction band.

Excitons

As mentioned before, when an electron and a hole are excited in a QD, an exciton is created. There is
the neutral exciton (X°), where there is only a single bound hole and electron. Neutral excitons can
also be classified into bright and dark excitons. Assuming HH and electron exciton, bright excitons
have holes and electron with antiparallel spins, resulting in angular momentum of J = +1 and dark
excitons have parallel spins, resulting in angular momentum of J = £2. Dark excitons are optically
forbidden because a single photon does not carry enough angular momentum to generate an exciton
with the required spin [27]. As discussed previously in Section 2.1.2, normally it is considered that

the excitons are formed between an electron and HH. However, it has been demonstrated that there

11
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is significant HH-LLH mixing in asymmetric QDs [28].

The electrons in the conduction band eventually relax back to the valence band, in other words,
the exciton recombines. Generally, bright exciton recombination times are in the range of several
nanoseconds in III-V self-assembled QDs [29, 30]. If it is a bright exciton, the exciton radiatively
recombines. The emitted photon energy depends on the band gap of the QD. The band gap in a
QD is determined by two main factors, the first one being the material that the QD is composed
from. Different III-V semiconductor materials can be used to form QDs, which have different band
gap energies [3 1] and so results in different photon emission energies. The second factor is the QD
size. The smaller the QDs, the stronger the confinement, which results in higher energy separation
between conduction and valence bands [32]. An illustration of this effect can be seen in Fig. 2.3.
This is of importance as QD size can be regulated during growth process to some extent, which
allows for tuning their energy for their required application.

There are additional types of excitations or charge carrier complexes, one being trions, which
have an additional carrier. There are either positive trions (X ), which have an additional hole or
negative trions (X ), which have an additional electron. They are of interest when investigating
the carrier spin dynamics of a QD (see Section 2.3.1). They can be created in several ways, one
such way is by applying suitable voltage to QDs with electrical contacting, specifically to the gate
electrodes to allow for electrons to tunnel from the reservoir to the QDs [33]. Another method,
and which is more relevant for this thesis, is by having resident carriers in the QDs, which then go
to form a trion when an exciton is optically created [34]. One of the most reliable ways to achieve
this is by either p or n-doping the QD sample, which ensures that each quantum dot contains one
carrier on average under equilibrium conditions [34, 35]. Lastly, there are biexcitons, since, as seen
in Fig. 2.2, both in the valence and conduction bands, there can exist two particles with opposite

spins, resulting in two excitons forming simultaneously.

2.2 QD Growth

In this thesis, we investigate two different QD samples. One sample contains InAs/InGaAs/InP
QDs grown by the MOVPE DE method and the other one contains InAs/InAlGaAs QDs grown by
the MBE SK method. The different deposition and growth methods are therefore covered in this

section.
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Figure 2.3: Size-dependent quantum confinement effects in semiconductor quantum dots. The
figure illustrates how reducing quantum dot dimensions from bulk semiconductor to nanoscale
particles leads to progressive energy level discretization and bandgap expansion.

2.2.1 Deposition Methods

There are two main deposition methods used in the growth of QDs: MBE and MOVPE. MBE is
a highly controlled thin-film deposition technique [36], where element sources (such as gallium,
indium, arsenide, or phosphide) are evaporated in ultra-high vacuum from effusion cells, forming
collimated beams of atoms or molecules that travel without collisions until they reach the heated
substrate. There, they condense epitaxially in accordance with the crystalline lattice of the sub-
strate. A key feature of MBE is the extremely slow growth rate (on the order of one monolayer per
second), which enables atomic-scale control of layer thickness and composition. This precision al-
lows for the fabrication of nanostructures where quantum confinement emerges, such as quantum
wells and QDs.

MOVPE, otherwise known as metalorganic chemical vapour deposition (MOCVD), is a chem-
ical vapor thin-film deposition method that relies on chemical vapor reactions of volatile metal-
organic precursors and hydrides at the heated substrate surface [37]. Unlike MBE which requires
ultra-high vacuum, MOVPE is performed at elevated pressures, typically in the range of a few
mbar up to atmospheric, and at higher substrate temperatures, which enhances reaction kinetics
and growth rates. Precursors such as trimethylgallium, trimethylindium, arsine, and phosphine are

transported into the reactor by a carrier gas (commonly hydrogen or nitrogen), and decompose upon
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reaching the hot substrate, releasing the group III and V atoms that incorporate into the crystalline
lattice. MOVPE offers uniformity across large wafer areas, scalability to industrial volumes, and
compatibility with complex heterostructure growth, which has made it the dominant commercial
technology for III-V semiconductor devices such as lasers, LEDs, and solar cells.

Generally, MBE is the preferred method for creating confined semiconductor nanostructures.
MBE shows better purity due to the ultra-high vacuum environment [38] and sub-monolayer pre-
cision, allowing for more precise structures to be formed [39]. However, MOVPE has not only
better industrial potential, as mentioned before, but it also has access to the DE growth method for

InAs/InP which is advantageous to QDs growth, discussed in subsequent sections.

2.2.2 QD Self Assembly

The SK growth mode is one of the most common mechanisms for strain-driven self-assembly of
QDs in lattice-mismatched epitaxial systems. In SK growth, during the initial 2D (wetting) stage,
material arriving on the surface diffuses and incorporates into a film with no dislocations, despite
lattice mismatch. Elastic energy builds up in the wetting layer (WL) as each additional monolayer
is deposited. At a certain thickness (the critical thickness), the elastic energy penalty of continued
layer growth outweighs the cost associated with creation of new surface and interface area. At that
point, islands nucleate to lower the total free energy: the transition to 3D islands reduces strain
at the expense of vertical growth. The balance of strain energy, surface energy, and edge energy
dictates the onset of islanding [40]. A diagram of SK growth for InAs/InAlGaAs QDs can be seen
in Fig. 2.4.

The island density, size, and uniformity are strongly dependent on growth parameters. Higher
substrate temperature increases material diffusivity, favoring the formation of fewer but larger is-
lands [41, 42], whereas higher deposition rate (or supersaturation) tends to increase nucleation
density and produce smaller dots [42]. After an initial nucleation phase, processes such as Ost-
wald ripening or coarsening can further modify the dot size distribution over time (as treated in
theoretical models) [43].

Once islands are nucleated, their morphology and composition can evolve further during cap-
ping (overgrowth) or annealing. Capping layers can drive intermixing between dot and barrier
materials, alter strain fields, and reshape the dots (height reduction, lateral spreading), which
can change the emission properties of the QDs [44, 45]. Annealing induces significant struc-

tural modifications in quantum dots through temperature-driven atomic processes. Annealing at
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Figure 2.4: Schematic representation of the SK self-assembly process for InAs quantum dots on an
InAlGaAs substrate. (a) InAs deposited on top of [nAlGaAs substrate. (b) WL forms on top of the
substrate and deposition of InAs continues. (c) Critical layer thickness is reached, islands nucleate
to reduce the built-up strain. (d) The QDs are covered by a InAlGaAs barrier.
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higher temperatures can cause strain-driven self-assembly, which is followed by Ostwald ripen-
ing, causing larger dots to grow at the expense of smaller ones, improving QD size distribution
uniformity [46, 47].

Despite its advantages, SK self-assembly has some intrinsic challenges. The presence of the
wetting layer remains inevitable; it forms a quasi-continuum of states that can couple to dot states,
potentially degrading carrier confinement and coherence [48]. Achieving narrow size dispersion
across the ensemble is difficult, particularly when dots nucleate over a range of times and diffusion
conditions [8]. Moreover, the SK mechanism inherently yields random lateral dot positions (unless
modified by patterning or template methods) [8]. Most importantly, due to SK being a strain-based
growth method, it can result in asymmetric QD shapes, especially relevant to InAs dots grown on
InP, which then causes the QDs to develop elongated shapes [49]. This can significantly impact

both the emission and spin properties of QDs, which is discussed in further text.

2.2.3 QD Droplet Epitaxy

In contrast to strain-driven SK growth, DE provides a different approach to self-assembled QD
formation, one that is not limited by lattice mismatch strain and the wetting layer mechanisms [50),
]. DE typically proceeds in two steps: first, group-III metal droplets (e.g. Ga, In) are deposited
under reduced group-V flux to form nanoscale liquid droplets on the substrate surface; second, the
droplets are crystallized into compound semiconductor dots (e.g. GaAs, InAs) by exposing them
to a group-V source (e.g. As, P). Because the dot formation is not strain-driven, DE can yield
epitaxial QDs even on lattice-matched or low-mismatch substrates, and is flexible with regard to
substrate orientation and material combinations. The DE process is shown in Fig. 2.5.
One major appeal of DE is the possibility of avoiding a WL altogether. Because the islands
do not nucleate via strain relaxation, there is no prerequisite two-dimensional film that acts as a
continuum. This reduces or even eliminates coupling of dot states to WL states, which allows for
achieving higher confinement [52]. DE-grown QDs have shown excellent coherence properties: in
an InAs/InP implementation, the DE growth mode enabled 96 % of exciton transitions to have co-
herence times exceeding typical detector resolution, outperforming SK in two-photon interference
visibility ( 98.6 %) under non-resonant excitation conditions [53].
DE also shows better shape and symmetry characteristic compared to SK. For example, high-
temperature DE of GaAs/AlGaAs achieved highly symmetric QDs with reduced defect densities,

capitalizing on controlled arsenization dynamics of nanoscale Ga droplets [54]. Similarly, it has
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a) Deposition at low T} b) Crystalization under As;  ¢) Annealing at high T}

Indium droplet InAs QD
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Figure 2.5: Formation of InAs QD by DE on InP. (a) At low substrate temperature, indium is de-
posited under group-V deficient conditions, leading to the nucleation of nanoscale indium droplets
on an InGaAs buffer layer. (b) Subsequent exposure to an Asy flux crystallizes the droplets into
InAs islands. (c) A subsequent annealing step at elevated substrate temperature refines the dot
shape and improves crystal quality, yielding strain-free, symmetric InAs QDs embedded in the In-
GaAs/InP matrix.

been demonstrated that InAs/InP grown by DE show improved structural symmetry [55, 56]. Be-
cause strain is not the driving force, DE is less predisposed to produce elongated or anisotropic dot
shapes arising from lattice misfit, which is a known drawback in SK-grown InAs dots on InP where
strain leads to elongation [57]. As such, DE is particularly interesting for applications requiring
high symmetry and coherence, e.g., entangled photon generation.

However, DE also faces certain challenges. One of the fundamental problems in DE is the
position and size distribution of QDs. Just as SK grown QDs, DE dots also display unordered
spatial positioning [58]. Moreover, DE growth can display bimodal QD size distribution, which
happens as the smaller QDs appear first and later merge together into larger ones [59, 60], which

can also be observed in Section 4.

2.3 Spin Properties of QDs

Two of the chapters in this thesis focus on investigating spin properties of carriers in the QD sam-
ples. Therefore, this section covers the necessary theory for carrier spins in semiconductors and,

in particular, QDs.

2.3.1 Optically Polarized Carrier Spin

As mentioned in Section 2.1.2, optical excitation has to follow angular momentum conservation,

where the transition of the electron from the valence band (angular momentum eigenvalue J =
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3/2) to the conduction band (angular momentum eigenvalue J = 1/2) must correspond to the
angular momentum of the photon J = =+£1, which correspond to positive circular polarization
(0", J = 1) and negative circular polarization (¢, J = —1). Additionally, energy must also be
conserved, where the energy of the photon must exceed the band gap energy in order to excite an
electron.

The angular momentum conservation results in optical selection rules which allow only for
the electron spin initialized parallel to the propagation direction of the exciting photon, which
essentially reflects the projection of the photon’s momentum onto its propagation axis. Fig. 2.6
shows a diagram of the selection rules [61].

It should be noted that these selection rules only apply for QDs that are not symmetric, i.e.,
grown by strain methods. When a QD is perfectly symmetric, there is no longer splitting between
the HH-LLH bands. In terms of optical selection rules, there are no changes for trion states. Due to
the presence of a resident carrier, which results in the two identical carriers forming a singlet spin
state due to their opposing spins, their exchange with the remaining trion carrier is cancelled, in
which case there is no effect from changes in symmetry [62]. Is is more relevant for neutral excitons,
which has exchange interaction between electron and hole, resulting in either circular polarization
emission as shown in 2.6 when there is perfect symmetry, or in linearly polarized emission when
symmetry is broken, resulting from superposition of the circular polarization states. Therefore,
this diagram still holds for DE grown QDs, which exhibit improved symmetry as will be discussed
in 4, since only trion states were investigated in this thesis.

While symmetry does not directly affect the optical selection rules, it can be affected by LH-
HH mixing. If there is LH-HH admixture, the assumption that an exciton is formed only between
HH and electron breaks down, weak extra transitions appear and polarization deviates from the
perfect circular polarization due to the impure optical selection rules [28]. There are two factors
that cause mixing to increase: increased splitting between LH and HH bands [63], and increase
in the QD asymmetry [28]. However, as previously mentioned before, increase in asymmetry also
increases the LH-HH band splitting. Therefore, there is no simple relationship that defines that
with improvement in QD symmetry there is a clear increase or decrease in mixing and so significant
deviations regarding optical selection rules for DE grown QDs are not expected.

The selection rules described above enable spin initialization in a QD. In a doped sample con-
taining resident carriers, absorption of a circularly polarized photon leads to the formation of either

a positive or negative trion, with the carrier spin orientation determined by the photon’s helicity.
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Figure 2.6: Optical selection rules for interband transitions in semiconductors. Shown are the
conduction band states with J, = 41/2 and the valence band HH and LH states with J, =
+3/2,£1/2. Circularly polarized light couples these states according to angular momentum con-
servation: o~ (blue arrows) excites transitions decreasing .J, by one unit, while o (red arrows)
excites transitions increasing J, by one unit. The transition probability ratio between heavy-hole
and light-hole states is 3:1, reflecting their relative oscillator strengths.

Owing to the Pauli exclusion principle, the spin of the resident carrier that completes the trion is
also initialized. Since resident carrier spin lifetimes tend to exceed trion or neutral exciton lifetimes,
the electron-hole pair recombines and a spin initialized carrier is left behind.

Based on this, spin polarization of the sample can be achieved. A circularly polarized laser
pulse resonantly drives Rabi oscillations between the ground state and the trion state. The quantum

state of the system during the pulse can be expressed as [64]:

[W)o- = alft) + Beos(9)[4) + iBsin(§) [ Y). 2.5)

where « and (3 are the initial probability amplitudes of the carrier spin states, |f}) and |{}) are the

spin states of the resident carrier,

MU 1) is the optically excited trion state and © is the pulse area.

O controls how the laser pulse redistributes population between the ground and trion states.
For example, a 7-pulse (O = 7) transfers population from |{}) to the trion state, while a 27-pulse
returns the system back to its initial state. In this way, the pulse acts as a controllable rotation in
the Hilbert space of the two-level system where in this case, since trions are excited, the pulses
effectively control the polarization of resident carriers in the sample. This concept is important for

spin mode locking, which is discussed in Section 2.4.4.
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2.3.2 QDs in Magnetic Fields

When an external magnetic field B is applied to a QD, the carrier spin states undergo Zeeman
splitting due to their spin projections. For the lowest-energy (s-shell) carriers, this splitting arises
from the different signs of the magnetic quantum number m; for electrons and heavy holes. The

energy shift of a given carrier or excitonic complex ¢ is described by [61]:

Ef = goupB (2.6)

where gg is the effective Landé g-factor of a free exciton, and pp is the Bohr magneton. While
the Landé g-factor applies to free electrons, this also applies to both electrons and holes in QDs
by replacing it with the effective g-factor of the QD. Because g; is defined with respect to the spin
projection .JJ, = m, the heavy-hole g-factor includes an implicit factor of three relative to elec-
trons. However, even with this factor of 3, the hole g-factors are usually lower than electrons in
QDs [65, 66, 17]. Along with the reduced magnitude, hole g-factors are more anisotropic (changes
as the magnetic field angle is changed) compared to electrons in QDs; this is due to orbital angu-
lar momentum quenching. While electrons are only weakly affected by changes in the confining
potential, holes derive a larger contribution to their Zeeman response from orbital motion in the
valence band [67, 68]. It should also be mentioned that both electron and hole g-factor depends on
factors such as QD shape, size, strain (which also means growth mode) and material [69, 70, 71].

The samples investigated in this thesis are not single QDs; rather the samples contain ensembles
of QDs. Fig. 2.7 shows the photoluminescence (PL.) of the two-layer InAs/InAlGaAs sample that is
investigated in Section 5. The inhomogeneous distribution means that the g-factor not only depends
on the physical parameters of the sample, but also on the excitation energy. As different excitation
energy is used, different QD ensembles are excited and therefore different size QDs (energy is
directly related to size as shown in Fig. 2.3) contribute to the measured g-factor.

Both hole and electron g-factors show different behavior with changing energy, where the elec-
tron g-factor magnitude decreases with increasing energy, and the hole increases with increasing
energy in telecom C-band QD samples [65, 72, 17]. However, in this case, it is the absolute g-factor
shown (due to measurement method limitations), whereas when looking at the non-absolute val-
ues, the opposite behavior is observed, since the values are negative [73, 68]. For the electron this
is due to orbital angular momentum quenching, where with increasing band gap size, which cor-

responds to decreasing QD size, the confinement increases and the electron g-factor tends towards
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the free electron value [73]. This is further demonstrated by the Roth-Lax-Zwerdling relation [74].
For holes the analysis is less straightforward, since the hole state mixes many envelope angular
momentum components [73]. It has been demonstrated that for smaller QDs at higher energies,
rather than the HH-LLH mixing being the main contributor to the g-factor values, envelope orbital
angular momentum starts to dominate, which is why an increase in the g-factor magnitude is seen

for holes with increasing energy [71].
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Figure 2.7: PL spectrum of the InAs/InAlGaAs two-layer quantum dot sample, which is discussed
in Section 5. The measurement illustrates the ensemble emission from the quantum dots in the
structure in the form of a Gaussian PL.

The behavior of the carrier spins differs depending on the direction of the applied magnetic
field. There are two main cases to consider: Voigt (in-plane) geometry, where the magnetic field is
oriented within the sample plane, and Faraday (out-of-plane) geometry, where the field is oriented

along the QD growth direction. This is more clearly illustrated in Fig. 2.8.

Voigt Geometry

When a magnetic field is applied in Voigt geometry and the resident carriers have spin polarization,

the spins start to precess. It can be understood from the perspective of magnetic moment, where it
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z [001]

b

Figure 2.8: Schematic of the magnetic field orientation relative to the quantum dot growth axis
[001]. The external magnetic field B is applied at an angle 6 with respect to the growth axis. For
6 = 0°, the field is parallel to the optical axis (Faraday geometry), while for § = 90°, the field lies
in the sample plane (Voigt geometry).

is known that there is torque applied on a dipole if there is an external magnetic field:

T=mXxB 2.7)

where T is the torque applied to the dipole or spin of the carrier, B is the magnetic field and m is the
magnetic moment or spin of the carrier. If the magnetic field is perpendicular to the spin direction,
which it is in Voigt geometry, then there is torque applied on the carrier’s spin, which results in
precession of spin. However, the spin of a carrier cannot rotate, as there is only a spin up or a
spin down state. A more accurate representation is to consider the quantum behavior, where a spin
prepared along the optical axis becomes a coherent superposition of the magnetic field eigenstates
when a transverse field is applied. Then, the relative phase of the two states oscillates, leading to
precession of the resident carrier spin polarization.

The spin polarization precession frequency can be obtained from the Zeeman splitting energy,

defined in Eq. 2.6:

ginpB
wy, =

A (2.8)

where wy, is the Larmor frequency, g; is the effective g-factor of the carrier in the QD and A is
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the reduced Planck’s constant. Care has to be taken with the g-factors in this equation since both
carrier g-factors are anisotropic (with holes being more so); therefore, this means that as the angle
of the magnetic field changes, so does the precession frequency.

If the frequency of the precession can be measured, the g-factor can be calculated, and by
knowing g-factors, electron and hole carriers can be identified. Moreover, if the precession can be
measured, spin dephasing of the carriers and the Hanle effect can be measured [17, 1], which is

further discussed in Chapters 3 and 4.

Faraday Geometry

A key distinction from the Voigt geometry is that in Faraday geometry no coherent Larmor preces-
sion of the spin occurs because the spin direction is aligned with the magnetic field. Under these
conditions, the Zeeman splitting manifests directly as a shift in the optical transition energies, and
the optical selection rules remain preserved: circularly polarized photons couple to spin states with
well-defined angular momentum projections. In this geometry, the spin physics is governed by
longitudinal relaxation processes (1 times), which describe how the spin populations equilibrate
with the lattice [75]. Therefore, Faraday geometry measurements allow for extracting the 77 time
of the QDs, which is further addressed in Chapters 3 and 4.

As mentioned previously, the carrier g-factors are anisotropic, especially for holes. For exam-
ple, a telecom C-band InAs/InAlGaAs QD sample shows in-plane absolute g-factor value |gy, | =
0.64 and out of plane value |gj, .| = 2.29 [66]. It is important to know that unlike in Voigt geom-
etry, the g-factor cannot be directly measured in Faraday geometry, since there is no precession.

However, the g-factor anisotropy has an oscillatory dependence [66]:

lgi| = \/(gx cos0)2 + (g, sin9)? (2.9)

where g, is the in-plane g-factor value, g, is the out of plane g-factor value and 6 is the rotation of
the magnetic field in degrees. If the g-factor value is known at several points of rotation, it can be

fit with this equation to obtain the effective g-factor values in both Voigt and Faraday geometry.

2.4 Spin Dynamics in QDs

In the previous section we have covered the properties and behaviors of carrier spins in QDs. In

this section, the dynamics of spins in carriers will be covered.
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2.4.1 Longitudinal and Transverse Spin Lifetimes

The temporal evolution of a spin system is commonly characterized by two timescales: the longitu-
dinal relaxation time 77 and the transverse relaxation time 75 (often referred to as the decoherence
time). In a longitudinal (Faraday geometry) magnetic field, the Zeeman splitting defines two spin
levels. The quantity 77 denotes the characteristic time over which a non-equilibrium spin popu-
lation relaxes back to the ground state, typically through energy exchange with the surrounding
lattice. Examples of 77 process is tunneling of carriers out of QDs [76], radiative recombination
(assuming no resident carriers) [77] and spin flips. When the applied magnetic field is transverse
(Voigt geometry) to the spin direction, the spin undergoes Larmor precession around the field axis.
In this situation, 75 quantifies the time over which the relative phase coherence between the spin
eigenstates is lost. Unlike 77, this process does not require an energy transfer or a change in the
populations of the spin levels, but instead reflects the gradual decay of phase coherence.

When working with an ensemble of spins, an additional dephasing 7% time constant must be
considered. It reflects the apparent loss of coherence caused by variations in the local environment
across the ensemble. For example, slight differences in ensemble g-factors, applied magnetic field
strengths, or hyperfine interactions lead to a spread of Larmor precession frequencies [ 7]. Due to
this, the ensemble spin polarization decays faster than the intrinsic 75. Importantly, 75 does not
represent an irreversible loss of coherence.

When a sample is excited, there is an ensemble of QDs with prepared spins which precess
in Voigt geometry, causing effective precession of the total spin polarization. Due to this, there
are two main types of spin dephasing: homogeneous and inhomogeneous [75]. The inhomoge-
neous decay is related to inhomogeneities of the sample (g-factor variations between QDs, nuclear
magnetic field variations) and the experimental set-up (non-homogeneous applied magnetic field,
excitation intensity/energy variations). Whereas homogeneous dephasing is related to physical
effects occuring within the QDs. Homogeneous dephasing is addressed further in Section 2.4.2.

Since inhomogeneous dephasing is related to sample inhomogeneities, it can be assumed that
the precession frequencies are distributed in a Gaussian, which is further confirmed by looking at
the sample PL shown in Fig. 2.7, which shows a Gaussian distribution. Therefore, the frequency
spread is [75]:

flwe) = O~ We—w0)?/2(Awe)? (2.10)

where wy is the center frequency and Aw, is frequency distribution width. With this, the spin
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polarization signal is:

S = Age /257 cos(wyt) @2.11)

where Ay is the amplitude of the spin polarization signal and 75 in this case denotes relaxation in
terms of frequency distribution width 7% = 1/Aw, [75]. However, usually in QD ensemble sam-
ples both hole and electron spin precessions can be observed, therefore, the full spin polarization
signal is [17]:

S=Y" Aicos(wit)e 2.12)

where A; is the amplitude of carrier spin polarization signal, w; is the Larmor precession frequency
of the respective carrier and 73 ; is the dephasing time of the respective carrier. With homogeneous
dephasing, the equation remains mostly the same, with the exception that the decay is exponential

e~ t/T5 rather than Gaussian [75].

2.4.2 Spin Relaxation Mechanisms

Homogeneous Dephasing

In contrast to inhomogeneous broadening, which originates from variations across the ensemble,
homogeneous dephasing reflects the intrinsic loss of coherence of individual spins. Here, the decay
is driven by scattering processes in which a carrier spin exchanges angular momentum with its
environment, for example via phonons or other carriers [75].

There are several mechanisms that drive homogeneous dephasing. However, some of them
contribute minimally in systems with strong confinement, such as QDs, therefore in those cases,
they will not be covered in depth.

Elliot-Yafet mechanism describes spin relaxation through spin-orbit coupling embedded in the
Bloch wavefunctions. In bulk semiconductors, electronic states are not pure spin eigenstates but
contain a small admixture of the opposite spin. During a momentum scattering event (e.g. with
a phonon or impurity), the spin admixture allows for a finite probability of a spin flip [78, 79].
In QDs, the Elliot-Yafet mechanism is significantly suppressed compared to bulk semiconductors,
since due to the strong confinement in QDs, the carriers are completely stationary, which prevents
carriers undergoing collisions with impurities, phonons or surfaces [80].

The Dyakonov-Perel mechanism dominates in bulk and two-dimensional semiconductor sys-
tems lacking inversion symmetry. Spin-orbit interaction generates an effective, momentum depen-

dent internal magnetic field that causes spins to precess. Frequent scattering events randomize the
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carrier momentum, and thus the direction of the effective field, causing variation of spin preces-
sions and leading to dephasing of the spin ensemble [81, 82]. This mechanism is again suppressed
in QDs due to their confinement, more specifically, carriers lack the defined momentum states
which are required for this mechanism [83, 80].

The Bir-Aronov-Pikus mechanism arises from the exchange interaction between electrons and
holes. When both carrier species are present, e.g. in optically excited systems or in p-doped semi-
conductors, the electron spin can flip through scattering processes mediated by the hole spin [84,

]. In this thesis, this mechanism is also not entirely relevant, since even though there are samples
with resident carriers being holes, in a QD the hole and electron are only present while a trion is
excited, which has a much shorter lifetime than the spin lifetimes of a resident carrier.

A more prevalent mechanism in QDs is the spin-phonon coupling. It can be divided into two
different groups: spin admixture mechanism resulting from spin-orbit coupling and direct spin-
phonon coupling. The latter causes reduced symmetry due to phonons displacement field and so
causing spin relaxation when spin-orbit coupling is present [86]. This direct coupling mechanism
is usually not as significant in QDs systems [87]. However, spin admixture mechanism resulting
from spin-orbit coupling contributes strongly to dephasing, especially at higher temperatures. In
this mechanism, the spin couples indirectly to acoustic or optical phonons via spin-orbit admix-
ture of orbital states. Thermally excited phonons couple to the orbital part of the carrier wave-
function. Because spin-orbit interaction mixes opposite-spin components into these orbital states,
phonon-driven orbital transitions can simultaneously flip the spin [88]. Therefore, as temperature
increases, the dephasing becomes faster. It should be noted that this mechanism behaves differently
for electrons and holes. For electrons, phonon-induced spin relaxation is often weak at cryogenic
temperatures, where hyperfine interactions dominate, but becomes relevant when temperature is
above 10-20 K [89]. In contrast, holes, which couple more strongly to spin-orbit interactions in the

valence band [90], exhibit noticeable phonon-driven dephasing already at lower temperatures [91].

Nuclear Spin Effects

In addition to phonons and carrier-carrier scattering, the surrounding lattice nuclei and the nuclear
spins within each QD provide another environment that interacts with localized spins in quantum
dots. Each carrier spin couples to the nuclear spin ensemble of the host crystal or/and to the nuclear
spin of the QD through the hyperfine interaction. This coupling is bidirectional: not only does the

fluctuating configuration of nuclear spins act back on the carrier as an effective magnetic field (the
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Overhauser field [92]), but carrier spins can also transfer angular momentum to the nuclei, altering
their polarization [61]. While details of nuclear spin dynamics and polarization lies outside the
scope of this thesis, hyperfine interaction is an important mechanism that limits spin coherence in
QDs, especially for electrons.

Hyperfine interaction can be considered as both homogeneous and inhomogeneous relaxation
mechanisms. In the inhomogeneous case, the spin interacts with the surrounding nuclei through

the Fermi contact interaction. The interaction with the nuclei in the lattice Hamiltonian is [93, 94]:
Hyr = ZAn (L.-S) (2.13)
n

where A,, is the hyperfine coupling constant for nucleus n, I, is the spin operator (vector) of the n-th
nucleus and S is the electron spin operator. This equation only includes the electron spin operator,
not the hole. This is due to the fact that the hole hyperfine interaction coupling constant is an order
of magnitude lower for holes compared to electrons [95], because the hole Bloch wavefunctions
vanish at the nuclear sites [93]. That is why in a lot of QD samples, the hole dephasing times are
longer than electrons, sometimes by an order of magnitude [17, 89, 95].

Hyperfine interaction can also be expressed as an effective magnetic field acting on electron
spins [93, 94]:

By = 1<2Anln> (2.14)
n N

geB

In most cases, this magnetic field is quasi-static, meaning it does fluctuate due to nuclear spins
not being static, but the nuclear spin timescales are significantly longer than carrier spin times at
cryogenic temperatures [93]. Therefore, the main dephasing contributor in this case is the inho-
mogeneous distribution of nuclear spins, which creates a non-uniformly distributed magnetic field,
causing inhomogeneous electron spin dephasing. It is important to mention that this is relevant
only to Voigt geometry. In Faraday geometry the electron spins are essentially uncoupled from the
nuclear spins due to the magnetic field being aligned with the electron spin axis.

As mentioned before, the hyperfine interaction can also act as a homogeneous dephasing mech-
anism. In such a case, either the nuclear spins fluctuate on timescales similar to electron spins, or
the electron’s position changes, which causes it to couple to different nuclei spins, which is ef-
fectively the same as the nuclear spin fluctuating. However, in QDs, only the inhomogeneous
hyperfine interaction is relevant, since measurements are done in cryogenic temperatures and, due

to QD confinement, the electrons are stationary.
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There is one case where homogeneous hyperfine interactions becomes relevant for QDs. Nu-
clei with spin I > 1/2 carry not only a magnetic dipole moment but also an electric quadrupole
moment. While the dipole moment describes the interaction of a nucleus with magnetic fields,
the quadrupole moment characterizes the deviation of the nuclear charge distribution from perfect
spherical symmetry [96]. In other words, the nucleus has an elongated or flattened charge distribu-
tion, which makes it sensitive to gradients of the surrounding electric field rather than to uniform
fields.

In QDs, strain and material fluctuations can disort the local crystal symmetry, which generates
an electric field gradient (EFG) [97]. The quadrupole moment couples to these gradients, leading
to additional splitting and mixing of nuclear spin states. This modifies the nuclear spin dynamics
by enabling faster relaxation, which then results in reduced temporal stability of the Overhauser
field. Consequently, this causes accelerated spin dephasing in electrons, although quadrupole only
acts on nuclear spins. This has been demonstrated in InGaAs/GaAs QDs [98] and it is theorized
that this is what contributes to the dephasing of the InAs/InGaAs/InP samples measured in this

thesis, discussed in Section 4.

2.4.3 Relation of T}, T», and T’y to Relaxation Mechanisms

All the previous covered relaxation mechanisms apply to the 735 time. This is because spin en-
semble dephasing is formed from both the homogeneous and inhomogeneous dephasing compo-

nents [99]:

1 1 1
— =+ (2.15)
TQ T2 ,Tinhom

where T5 is the spin coherence, which is determined by homogeneous dephasing and Tipnor, is the
inhomogeneous dephasing.

For carriers in QDs, the longitudinal relaxation time 7} is not constrained by the same mech-
anisms that dominate transverse dephasing. Hyperfine interactions with the nuclear spin bath,
quadrupole-driven nuclear dynamics, or static g-factor inhomogeneities dephase the transverse
spins and therefore limit 75 and 7%, but they do not provide the energy exchange required for
longitudinal relaxation. As a result, 77 in quantum dots is predominantly determined by phonon-
assisted spin flips enabled by spin-orbit coupling. Due to this, carriers in QDs show significantly
longer 77 times compared to 75 and 735 times. At temperatures below 100 mK longitudinal spin

lifetimes up to a second have been measured [100] whereas in telecom C-band QDs samples at
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higher temperatures of 5-10 K 7} times are usually in microsecond range as seen in Ref. [89] and

in Chapter 4.

2.4.4 Spin Mode Locking

In ensembles of QDs subject to periodic pulsed excitation, the carriers spin can undergo a syn-
chronization effect known as spin mode locking (SML). Normally, the previous listed inhomoge-
neous relaxation mechanisms lead to rapid dephasing. However, when the laser repetition period
matches an integer multiple of the spin precession period for a subset of spins and the 75 exceeds the
laser repetition period Tg, those spins remain phase-synchronized with the pump pulse train [101].
More precisely, the pump pulse polarizes the spins every Tr and normally, it clears the old residual
spin polarization if the period does not match the spin precession period. If it does, it results in
the pump pulse polarization phase matching with the spin precession, which causes constructive
interference, which effectively builds up the spin. Several spin precession frequencies end up syn-
chronized, where finally their superposition results in a decaying polarization signal which revives
before the next excitation pulse. This is illustrated in Fig. 2.9.

The precise condition that has to be satisfied in order for SML to occur is the following[101]:

2t N

Wy, = —, T5 > Tk, (2.16)
Tr

where N is an integer denoting the number of Larmor cycles between successive pump pulses. Spin
mode locking is inherently an ensemble phenomenon. It relies on the presence of a continuous
distribution of Larmor precession frequencies, so that a subset of spins naturally satisfies the phase
synchronization condition.

The spin polarization peaks shown in Fig. 2.9 can be calculated by the following [101]:

WN(Wo 1
1 oTr )\ 2Tk " Ty
=T w1y
e . o 2
<2TR + Tg) + (We NQ)

, 2.17)

where W = sin?(©/2) is the excitation power, which is dependent on the excitation pulse area
©, and 2 = 27 /T, is the repetition angular frequency. From this equation it is seen that if SML
is observed, it can be used to calculate the QD coherence time 75. The procedure to calculate 75

from SML is detailed in Ref. [101].
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Figure 2.9: Schematic illustration of spin-mode locking in an ensemble of quantum dots. (a) Time-
domain representation of ensemble spin dynamics under periodic optical excitation. Each pump
pulse (blue dashed lines, separated by T'r) reinitializes all spins. Spins with different Larmor
frequencies dephase between pulses and decay, while those satisfying the phase-synchronization
condition (red trace) remain in phase and gradually build amplitude through constructive interfer-
ence of successive excitations. (b) Frequency-domain view showing how periodic pumping selects
discrete phase-synchronized modes (red peaks) within the inhomogeneous distribution of Larmor
frequencies (gray envelope) Aw = 27 /TR corresponds to the pulse-repetition frequency, defining
the set of locked spin modes that contribute to the long-lived ensemble coherence. (c) Superpo-
sition of the individual locked spin modes, illustrating how their overlap produces an ensemble
polarization that decays, but revives before the next pulse arrives. All units in the figure are arbi-
trary.
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SML can be observed for both electrons and holes; it depends primarily on the resident carriers
of the sample. Initially, SML was observed in electrons in an n-doped (In,Ga)As/GaAs ensem-
bles [101]. Later, it has been demonstrated in holes in an InAs/GaAs QD ensemble sample [102].
Lastly, it has been observed in multi-layer telecom C-band InAs/InAlGaAs QD samples [17], which

are also further investigated in this thesis.

2.5 Quantum Cryptography

In the previous sections QDs, their properties, growth and spin dynamics were covered. This sec-
tion covers how quantum optics can be utilized for secure communications, which is relevant for the
potential applications of the telecom QDs that are studied in this thesis and also for the heterodyne

QRNG that was developed for this thesis.

2.5.1 Quantum Key Distribution

QKD is a cryptographic protocol that enables two distant parties (commonly named Alice and Bob)
to establish a shared secret key with information-theoretic security, relying on the laws of quan-
tum mechanics rather than computational assumptions. It has been theoretically shown that Shor’s
algorithm in quantum computing presents a significant issue to public-key cryptography, as it can
factor large integers and solve discrete logarithm problems in polynomial time [5], which poses
a threat to commonly used symmetric key based encryption. QKD is not an encryption protocol,
instead it provides a secure way of exchanging keys based on the fact that any attempt by an eaves-
dropper (Eve) to intercept or measure the quantum states necessarily introduces disturbances that
can be detected by the legitimate parties. The transferred keys can then be used for secure classi-
cal symmetric encryption. One example of such encryption being one-time pad (OTP), otherwise
known as Vernam cryptographic system. OTP relies on using keys, which are the same length as
the data being encrypted, to encrypt the data by using exclusive-or (XOR) logical operation [103].
OTP is considered perfectly secure as the encrypted data does not provide information about the
original data, besides the length, making it theoretically unbreakable by both classical and quantum
computing [103].

The first QKD protocol developed was BB84 [104]. The protocol follows a four stage procedure
for secure transfer. Firstly, Alice generates a random sequence of bits where each bit is encoded

with a quantum state in either rectilinear or diagonal basis. In a real system, the rectilinear basis
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usually corresponds to horizontally or vertically ((H|, (V|) polarized photons and the diagonal

(V] (H] (V]
V2 T V2

The bits are encoded using a randomly selected basis and then are sent to Bob. Upon receiving

basis corresponds to 45° and —45° ) polarized photons.

the photons, Bob then independently and randomly chooses which basis to measure the polarization
of the received photon. If the measured basis is the same as the one used to encode the bit, Bob will
obtain the correct bit; if not, then there is a 50 % chance of measuring either one or the other state.
Afterwards, Alice and Bob use a classical information transfer channel to exchange in which basis
each bit was measured. Then, Bob knows which bits were measured in the correct basis and can be
kept, whereas the other ones are left unused; the same applies to Alice. This process is called bit
sifting. Lastly, part of the key is announced by Alice and Bob to check for error rates. If the error
rate is too high, it indicates that either the measurement/source devices are too noisy or that Eve
was eavesdropping, which corrupted the key [105], in which case the bits are discarded; otherwise,
they perform error correction to reconcile any residual differences and use privacy amplification in
the form of hashing algorithms (for example, Toeplitz hashing) to eliminate any partial information
Eve might have gained.

There are numerous other protocols which are out of scope for this thesis. However, there are
several important classifications of protocols. Firstly, there is the classification on the type of en-
coding that is used: discrete-variable (DV) QKD and continuous-variable (CV) QKD [106]. An
example of DV-QKD is BB84, which uses discretely prepared quantum states such as photon po-
larization, whereas CV-QKD exploits light beam amplitudes or phase for transmitting keys [106].
DV-QKD is further characterized into three more subgroups [107]: prepare-send-measure proto-
cols, which BB84 corresponds to, measure-only protocols, where both Alice and Bob randomly
measure shared entangled states that are generated by an untrusted source (E91 protocol) [14] and
prepare-send-only protocol where both Alice and Bob prepare quantum states and send them to an
untrusted third party, who measures and returns classical results [108].

This section shows the importance of two concepts which are explored in this thesis: QRNGs
and quantum repeaters. QRINGs are essential not only for generating true random keys which are
essential to ensure OTP encryption is fully secure [103], but also for generating truly random en-
coding/measurement basis choices as detailed in the BB84 protocol, seed generation for privacy
amplification and randomly choosing which bits are shared for quantum error correction purposes.
The use of random data is essential, since insecure RNGs such as pseudorandom number genera-

tor (PRNG) or cryptographically secure pseudorandom number generator (CSPRNG), which rely
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on deterministic classical algorithms, introduce potential vulnerabilities. Any predictability in the
random sequence, arising from algorithmic generation or partial knowledge of the seed state, con-
stitutes an additional attack channel that can compromise the fundamental security assumptions of
the protocol. Moreover, as is seen from the BB84 protocol, the efficiency is less than 50 % ac-
counting all factors; therefore high-bandwidth QRNG is needed to transfer a reasonable amount of
keys.

The other key factor of QKD is the ability to use it for long-range communication. If an en-
tanglement based QKD protocol is used over long distances, the entangled states might experience
decoherence over long distances of fiber travel [10]. For this reason, quantum repeaters are needed,
which require quantum memories and quantum processors to perform entanglement swapping and
distillation [109]. QDs can be used as a quantum memory; however, they require long spin coher-
ence times in order to store the states long enough for the required quantum operations [34]. As
QD spin properties have already been covered in the previous section, the following sections will

focus on QRING theory, which also applies to QKD to a certain extent.

2.5.2 Quantum Random Number Generation

As mentioned briefly in the previous section, if a photon in the diagonal polarization basis is mea-
sured in the rectilinear basis, it results in a 50 % chance of measuring either a vertically or horizon-
tally polarized photon. More accurately, the measurement non-deterministically breaks down the
superposition into one of the states, governed by Born rule [110]. The non-deterministic nature of
quantum measurements make it a perfect RNG, since it avoids the problem of predictability that
PRNG and CSPRING have.

It is important to clarify that random numbers generated by either classical sources such as
PRNGs, CSPRNGs or by QRNGs are indistinguishable. The principle of true randomicity is that
in an infinite sequence of numbers there would be no apparent pattern. Therefore, in order to
determine whether a source is truly random, an infinite amount of numbers would be required,
which is not feasible. Practically, it can only be determined whether the RNG source is not random.
Different statistical tests exist to determine whether the numbers present any apparent patterns, such
as autocorrelation, discrete Fourier transform, pi value determination using Monte Carlo method,
Chi-square distribution, various pattern matching tests like checking repetition frequency, longest
run of ones, cumulative sums and etc [1 | |]. These statistical methods are used to test the random

numbers, and then whether the test passes or fails is determined by applying the null hypothesis,
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which is what the outcome of the test is assuming the test was applied to a perfectly random,
uniform distribution. The test outcomes are compared to the null hypothesis and p-values are
produced, which quantify the probability of that a random source would produce a test statistic
at least as extreme as the one observed. A low p-value therefore means that if the sequence was
truly random, the observed result would be highly improbable, which is evidence against the null
hypothesis, indicating that the sequence under test is not random [ 12].

However, just because a sequence has a low p-value, it does not indicate that the source is not
random. Same applies to the opposite, if a p-value is high, it also does not indicate that the source
is truly random. This is because if a truly random source is taken and a finite sequence is tested,
there is a finite probability that either a sequence with significant patterns or no patterns will be
produced. These probabilities are, low, therefore, with these tests, rather than using the individual
p-values as an indicator on whether the source is not random, the distribution is what indicates
whether a source is not random. If p-values are distributed normally, it indicates that the source
does not have any apparent issues. If the values skew towards lower or higher end of p-values, it
indicates that the source is imperfect and cannot be used for any cryptographic applications.

Again, it should be made clear that just because a source passes statistical tests, that it is truly
secure. It has been shown that classic PRNG sources pass randomness statistical tests [112]. How-
ever, they lack security because PRNGs are intrinsically deterministic, they take a short seed num-
ber and extend it into a long sequence of random numbers [ | 13], therefore, if the adversary obtains
the seed, the random numbers can be completely reproduced. CSPRNGs are more secure because
they utilize entropy sources to generate seeds from which then the random numbers are gener-
ated. One such example is the /dev/urandom implementation on Linux, which uses data from the
different drivers and peripherals connected to the computer for the seed data [114]. Nonetheless,
classical entropy sources are used and while CSPRINGs are enough for most classical encryption
algorithms, they still can be controlled by an adversary, making the RNG source unsafe.

Since the principle of QKD relies on the fact that adversarial control or interception is impos-
sible due to using quantum states for key transfer, using an RNG with a classical entropy source
defeats the purpose of the QKD, since then the unsafe RNG becomes a potential attack vector.
That is why it is necessary to use a QRNG source, since the same concept to it applies as for QKD
where the entropy source is non-classic and it cannot be intercepted or controlled (assuming semi-
or device-independent security model, which is covered further below).

Like in QKD, there is DV-QRNG and CV-QRNG. Some examples of DV-QRNG include single
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photons going through 50:50 beamsplitter [115], where either one of the single photon detectors
correspond to a 0 or 1 bit, a beam of photons going through a polarizing beamsplitter [1 1 6], which
effectively obtains random data from polarization, and randomness generation based on photon
arrival time [117]. There are more DV systems, however, in most cases they rely on single-photon
effects, which become a limiting factor on the maximum achievable bandwidth, where usual single
photon generation rates in QDs are in the MHz range [118, ].

CV-QRNG rely on continuous measurement outcomes, which then are mostly limited by the
bandwidth of measurement devices; therefore CV-QRNG with bandwidths higher than 100 Gbps
have been demonstrated [ 120, ]. Some examples include measurement of vacuum fluctuations
using homodyne detection [122], laser phase fluctuations [123] and fiber amplified spontaneous
emission [124]. Covering all these methods is out of scope of this thesis. Since in this thesis the
QRNG was implemented using vacuum fluctuation measurements, that will be the focus of the rest

of the chapter text.

Vacuum Fluctuation QRNG

To elaborate on vacuum fluctuation measurements, first, light field quadratures have to be consid-

ered. A monochromatic solution to the wave equation can be written as [125]:

E(r,t) = (a(r)e ™ 4 o (r)e“p(r), (2.18)

where w is the wave frequency, ¢ is the time, 7 is the position vector, p(r) is the polarization vector

and a(r) is the amplitude, which can also be written as[125]:

a(r) = ag(r)e’ ™), (2.19)

where ag(r) is the field magnitude and ¢(r) is the phase. If a plane wave is considered which
travels along the positive z-axis and that the wavevector is k& = w/c, the solution to the wave
equation becomes [125]:

E(r,t) = 2ap cos(kz — wt)p(r). (2.20)
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Based on this equation, the following quadratures can be used [125]:

q(r) = ao(r) + ap(r), (2.21)
p(r) = —i(ap(r) — ag(r)). (2.22)

Then, if the phase is defined as follows:
¢o(r) = tan™" (i%:;) : (2.23)

the monochromatic wave equation solution can be defined as [125]:
E(r,t) = Ey(z(r) cos(wt) + p(r) sin(wt))p(r), (2.24)

where in this case x quadrature denotes the amplitude and p quadrature denotes the phase of the
light field.
If the quantum mechanical picture is considered and light is quantized and considered as a

quantum harmonic oscillator, the Hamiltonian is [125]:

. 1
H =" Fuw (ajal + 2) , (2.25)
l

where £ is a positive integer denoting mode number, wj is the mode frequency, a is the annihilation
operator and a' is the creation operator. From this and from the classical light field quadrature

definitions in Eqgs. 2.21 and 2.22, the position and momentum quadrature operators can be de-

& = \/zl (&l + a}) : (2.26)

b= —iy | —— (al _ aj) N 2.27)

fined [125]:

(a n aT) , (2.28)

(a — a*) . (2.29)
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These quadrature operators are the analog to the harmonic oscillator position and momentum oper-
ators. Therefore, these operators are defined as position and momentum quadratures respectively.

Finally, if Fock states are considered and the same position and momentum quadrature defi-
nitions are used, it can be shown that even with the Fock state |0), corresponding to no light, the
uncertainty is [126]:

AXAP > (2.30)

N

which also results in the variances being non-zero (A X)? = (AP)? = 1/2. Therefore, even with-
out photons present, the vacuum field fluctuates, which is expected, since otherwise the uncertainty

principle would be broken [126].

2.5.3 Vacuum Fluctuation Measurement

Based on the previous section, if the quadratures of the vacuum field fluctuations can be measured,
they can be utilized for CV-QRNG. This can be done by either homodyne or heterodyne measure-
ment schemes. Balanced homodyne detection is fundamentally based on the interference between
a weak optical signal and a strong phase-stable local oscillator (LO) field. When these two fields
are combined on a 50:50 beam splitter, their optical amplitudes interfere at the two output ports.
The intensities of these two output fields are measured with photodiodes, and the corresponding
photocurrents are subtracted, resulting in an effectively amplified signal measurement [127]. An
example balanced homodyne detection set-up can be seen in Fig. 2.10. In the case of vacuum
fluctuations, signal input is left blocked, which effectively measures the amplified vacuum signal.

The simplified interference process of the homodyne detection can be described in terms of
field operators as follows [128]. Let the annihilation operators of the signal and local oscillator
modes incident on the beam splitter be a;; and aro. For a 50:50 beamsplitter, the outputs 131 and
by are:

" 1 N 1
by = 7 (asig + aro) , by = 7 (asig — arLo) - (2.31)

Each output is detected by a photodiode, and the measured photocurrents are proportional to

the respective photon number operators,

%1 X 8181, ’22 X 8282, (2.32)
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Figure 2.10: Schematic of a balanced homodyne detection setup. The weak signal field d;; and

a strong local oscillator ay o interfere on a 50:50 beam splitter, producing output fields by and bo.
Each output is detected by a photodiode (PD), integrated, and the corresponding photocurrents are
subtracted to yield the difference current ;.

The difference photocurrent is then
%diff XX (A)];(A)l — 6;32 = dz dLO + ai‘;oaglg (233)

If the local oscillator is much stronger than the signal, its quantum fluctuations are negligible and
it can be approximated as a classical coherent field ar o ~ aLoe'?, where ay o is amplification and

0 denotes the LO phase relative to the signal. Substituting into Eq. 2.33 gives:

fain ~ a0 (gge™ + aliye™) = V2ar0 %o, (234)

where the substitution in the parentheses is done by using the generic quadrature definition [125]:

Xy = \2 (Q cos() + Psin(&)) = \}5 (&e_w + ELTew) : (2.35)

Heterodyne measurement, which is used to implement the QRNG covered in this thesis, works
in a similar principle, except it allows for measuring both quadratures at the same time by imple-
menting another beamsplitter with a 90° phase shift between the two paths. This then effectively

measures the other quadrature since the definition of the general momentum quadrature is the po-
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sition quadrate phase shifted by 90° [129]:
Py = ——= (ae™ —ale) . (2.36)
An example of heterodyne set up and a more in depth discussion can be found in Chapter 6.

2.5.4 QRNG Security and Extraction

Even though measuring quantum states provides non-deterministic, random outcomes, the actually
measured results are not fully secure due to the devices that are used for measurement. In terms
of vacuum fluctuation measurement using either homodyne or heterodyne measurement schemes,
the insecurities arise primarily from source (laser) and measurement (photodiodes) device imper-
fections. Lasers can have classical intensity fluctuations and photodiodes have intrinsic, classical,
electrical noise, which is theoretically predictable. Moreover, if an attacker has access to the sys-
tem, it could be potentially manipulated in producing deterministic random numbers.

For this reason, an essential component of QRNGs is the underlying security model, which
accounts for practical imperfections and assumptions to varying degrees. First, there is the device
dependent model, in which case it is assumed that both the source and the device are not manipu-
lated in any way and only classical noise limits the QRNG quality [130]. One such example is the
homodyne measurement of vacuum fluctuations [122]. A more secure model is semi-DI, where
either the source, measurement, or both devices are characterized and their impact on the QRNG
security is considered, either by self-testing or calibration procedures [130, ]. One example
of semi-DI is the QRNG investigated in this thesis, in which the measurement device is charac-
terized and considered to be safe. Lastly, there is the full DI model, where both the source and
measurement devices are fully-untrusted and QRNG quality is ensured by continuous self-testing,
providing guarantees that outside parties cannot predict the output. The DI security model relies
on realizing the Bell test; specifically two entangled photon states are measured independently in
independently chosen measurement basis. Local hidden variable theories indicate that there is a
bound for correlation between the two entangled state measurements. If this bound is broken, it
shows that the correlation cannot be explained by classical deterministic mechanisms, indicating
true randomness [132]. Therefore, by using this condition, usually in the form of Clauser-Horne-
Shimony-Holt game [ 1 32], continuous self-testing guarantees that true randomness is being output.

While full DI provides guaranteed security, due to requiring entangled photon pairs and con-
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tinuos self-testing, the implementation is both complicated and has low bandwidth, up to tens of
kbps [132, 133]. On the other hand, trusted device protocols provide bandwidths up to Gbps/s [ 120,

]. However, the QRNG is insecure and cannot be used to safety sensitive applications. Semi-
DI, in particular source-DI provides a middle ground, where bandwidths of Gbps can be achieved
while being more resistant to tampering [131].

The measured random data also needs to be conditioned, especially in the cases of CV-QRNG.
The raw random data has a Gaussian probability distribution, which, while theoretically random,
makes it significantly easier to guess the values compared to a uniform distribution. Therefore,
hashing algorithms have to be applied in order to extract the random data from the raw measurement
values. The parameters of extraction depend on the previously discussed security models, which
determine how much random data can be extracted without affecting the security of the random
numbers [130]. This is quantified by minimum entropy Hp,n, which determines how many bits per

sample can be extracted. Further discussion and calculations can be found in Chapter 6.
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In this chapter, the concepts and procedures for the experiments are covered, aiming to explain
the experimental techniques and the set-ups used for performing the experiments. This chapter will
mostly cover the experimental procedures of QD samples, since for the QRNG the set-up and the
measurement methods are explained in the publication seen in Chapter 6. The first few sections
cover the concepts behind the measurements and the rest covers the actual experimental set-up and

how it is used.

3.1 Time-Resolved Faraday Rotation

When linearly polarized light propagates through a magneto-optic medium in the presence of a
magnetic field aligned along the direction of propagation, the plane of polarization is rotated. This
phenomenon, known as the Faraday effect (or Faraday rotation), arises because the magnetic field
induces circular birefringence: the medium acquires different refractive indices for right- and left-
circularly polarized components, causing a relative phase shift between them [134]. The recom-
bination of these two components at the exit yields a rotated linear polarization, since linearly
polarized light can be formed from a superposition of o+ and o~ polarization. The rotation angle

A is proportional to the magnetic field B and to the path length d through a medium:

_ V Bd
Ko

Ap

(3.1)

where V' is the Verdet constant which denotes how strong is the Faraday effect in a medium and 1

is the vacuum permeability.
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The Faraday effect also applies to QD spin polarization. A particle with non-zero spin has
a magnetic moment. If in an ensemble the spins are aligned randomly, with an effectively equal
amount of spin up and spin down orientations, the net magnetic moment is zero. However, if the
spins are aligned in a single direction, the effective magnetic moment is increased, which means
that there is an effective magnetic field [135]. Therefore, if a QD ensemble sample is placed in a
Voigt geometry magnetic field and the spins are polarized using circularly polarized light, there
is an effective magnetic field in the sample that rotates. Therefore, if another light pulse were to
travel through the sample after excitation, it would change the polarization of the light depending
on the state of the spin polarization of the sample.

A more complete description arises when considering optical selection rules. When a popula-
tion of resident carriers with aligned spins is already present, optical transitions that would create
an exciton with a parallel spin orientation to the resident carrier become forbidden due to the Pauli
exclusion principle. Consequently, only one of the two circular polarization components (o or
o ~) can couple to the allowed transition. When a linearly polarized probe pulse containing equal
o™ and o~ components is incident on a spin polarized ensemble, the two components experience
different refractive indices. This induces a spin-dependent phase shift between them, which mani-
fests as an effective rotation of the linear polarization plane of the transmitted light [136].

This is called time-resolved Faraday rotation and it is the basis of pump-probe measurement. In
the case of this thesis, for measuring the QD samples, a variable wavelength (in the telecom C band
range) pulsed laser (repeition rate of 76 MHz) is used to first pump the sample by initializing spins
of resident carriers with circularly polarized light and then probe with a delayed linearly polarized
pulse. This is achieved by using a 90:10 beamsplitter (90 % for pump to ensure maximum spin
polarization) to split the beam into two paths, where the pump path then goes into a mechanized
delay line with micrometer positional accuracy to vary the delay between the pump and probe
pulses. If the delay line is scanned, the result shows the change of spin polarization in time due
to the probe pulse polarization being rotated in different points of time by Faraday rotation. This
allows to fit Eq. 2.12 with either the Gaussian or exponential dephasing, depending on the system,
which in turn enables examination of the spin properties of the QDs.

In the case of this thesis, Faraday ellipticity rather than rotation is used for measuring the QD
samples. The main difference lies in that the imaginary parts of the refractive indices are different
for left and right circularly polarized light, which results in different absorption coefficients. The

outcoming light then becomes elliptically polarized, with varying degrees of ellipticity depending
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on the magnetic field strength (or spin polarization), which is then measured to obtain the sample

spin dynamics.

3.2 Hanle Effect Measurement

The Hanle effect was regarded first as a semi-classical effect which shows how scattered light
changes polarization when a magnetic field in Voigt geometry is applied, and was explained by
using damped spatial oscillator models [137]. The quantum mechanical explanation of the Hanle
effect is the same as of spin precession in Section 2.3.2, except in this case it applies to an ensemble
of spins which have an increasing precession frequency as the magnetic field strength increases,
where the frequency increase causes dephasing between the spins, resulting in the reduction of
polarization. The spin polarization dependency on magnetic field has a Lorentzian shape that

depends on the spin dephasing time [24]:

52(0)

O e

(3.2)

The Hanle effect allows the measurement of the intrinsic spin dephasing times of QDs in samples.
Firstly, the Hanle effect itself can be measured by measuring the spin polarization while scanning
the magnetic field just before the sample is excited again by a pump pulse. The reason for measuring
just before the pump pulse is to avoid any transient effects, such as exciton recombination and to

only measure the resident carriers. Then, the dephasing time can be extracted by [138]:

h
Ty=—"———, (3.3)
Jelt BBHWHM

where Bywpm is the half width at half maximum (HWHM) of the Hanle curve and in this case
the dephasing is denoted as T since it is not the intrinsic dephasing that is being measured, as
the sample is excited by a pump pulse. To extract the intrinsic dephasing, the measurements have
to be repeated at different pump powers, the dephasing times extracted and then a linear fit with
an exptrapolation to zero pump power is done to obtain the intrinsic dephasing value. While this
can also be done using pump-probe Faraday rotation measurements, this allows more accurate
measurement of the dephasing values at zero magnetic field, since with pump-probe, the delay line

is usually not long enough to fully observe the dephasing.
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3.3 Polarization Recovery Curve (PRC)

PRC is similar to the Hanle effect measurements in the sense that it is also measures spin polariza-
tion just before the excitation pump pulse while sweeping the magnetic field. The main difference
is that in this case the magnetic field is in Faraday geometry. In this case, the opposite effect is ob-
served, where the spin polarization increases as the magnetic field increases due to the fact that the
spins become increasingly decoupled from the different dephasing mechanisms, since the Faraday
geometry aligns and stabilizes the spin along the external field direction.

PRC is useful for two primary purposes: determining the type of the resident carriers in the QD
sample and investigating the nuclear spin interaction strength with the charge carriers. In terms of
resident carriers, since electrons have a strong hyperfine coupling constant, as the magnetic field
tends towards zero, hyperfine interactions start to affect electrons at larger magnetic field compared
to holes, resulting in a V-like Lorentzian dip in the spin polarization when the resident carriers are
electrons [139]. If it is holes, firstly, the dip HWHM becomes much more narrow compared to the
electron because of weaker hyperfine coupling. Moreover, if a sample is p-doped, it means that
positive trions are created upon excitation. Therefore, there is an additional component in this case
because the unpaired carrier is an electron, which has stronger hyperfine coupling, which means
that initially the spin polarization rises as the magnetic field increases, but then starts to decrease
due suppresed trion spin relaxation causing decreasing spin generation rate, resulting in an effective
M-shape of the PRC [140]. An illustrated example can be seen in Fig. 3.1. The simulated PRCs in
Fig. 3.1 are generated from two components: one for the resident carrier and one for trion-mediated

spin generation, each written as a baseline plus a Lorentzian field response:

|B|? =
L(’B|7BO> = ) |B‘ = B27 (3.4)
|B|? + Bj
and write every component as:
S(B) = So + AL(B|, Bo), (3.5)

where Sy is the zero-field baseline, A is the Lorentzian amplitude, and By controls the width. The
total PRC is
ng) (B) _ Sl(ires) (B) + Sc(itrion) (B), (36)
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with d € {n, p}. The parameter sets directly match the code:

Table 3.1: Model parameters used to generate the simulated polarization recovery curves. Base-
lines Sy and amplitudes A are dimensionless; By is in mT.

Dopant S (()res) Ares BO,res Sétrion) Atrion BO,trion
n 0.33 0.67 35 0.0 —0.05 110
P 0.33 0.67 20 0.0 —0.30 110

Evaluating Egs. (3.5)—(3.6) with the parameters above for B € [—300,300] mT yields the
dashed resident/trion curves and the solid total PRCs plotted in Fig. 3.1.

PRC in conjunction with Hanle curve can be used to investigate how nuclear spin dynamics
affect the carriers in a semiconductor sample, in this case being QDs. By normalizing both the
PRC and Hanle curves using the maximum value of the PRC and then plotting them together, the
curve widths and where they meet can determine the hyperfine interaction mechanism [141]. Since
both curves show how the hyperfine interaction governs spin dephasing in complementary magnetic
field geometries, their properties can be used to interpet the timescales of nuclear spin precessions
and hyperfine interaction anisotropy [141]. More details on the different cases and interepretations

is provided in Chapters 4 and 5.

3.4 Spin Inertia

When measuring spin polarization in Faraday geometry, the normal pump-probe measurement
technique is not enough, since, as mentioned in Section 2.4.3, the T} times are in the microsecond
range, whereas with a 1-meter delay line, only a several nanosecond timescale can be measured
(more details in Section 3.5). Spin inertia is a measurement technique that uses pump pulse mod-
ulation between o and 0.

When the 77 time is in the range of microseconds and the pump is modulated at, for example,
10kHz between o and o, the spins are first initialized by o and then the spins still have enough
time to relax to equilibrium before the 0~ pump initializes them to the opposite spin. However, as
the modulation frequency gets closer to the T} time, not all spins are relaxed back to equilibrium
and therefore at 0~ polarization not all the spins are reinitialized due to Pauli exclusion principle
and so the spin polarization signal ends up being reduced. This behavior is similar to a low-pass

filter which has a dependency on the 7} time and can be described by [139]:

So

S(fm) = /—1 T (QmeTS)Q’

(3.7)
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Figure 3.1: Illustrative polarization recovery curves (PRCs) for n- and p-doped quantum dots.(a)
For n-doped dots, excitation via the negative trion (X ~) yields a V-shaped PRC. The resident
electron spin (blue, dashed) undergoes hyperfine-induced dephasing that is suppressed by the lon-
gitudinal magnetic field, while the unpaired hole in the trion (red, dashed, corresponds to spin
generation rate) shows only weak field dependence. Their superposition (black, solid) gives the
recovery of spin polarization characteristic of resident electrons. (b) For p-doped dots, excitation
via the positive trion (X ) produces an M-shaped PRC. The resident hole (blue, dashed) exhibits a
narrow dip due to weak hyperfine coupling, whereas the unpaired electron in the trion (red, dashed,
corresponds to spin generation rate) experiences strong, hyperfine coupling that suppresses the spin
generation rate with increasing field. The resulting total signal (black, solid) shows a dip at inter-
mediate fields, characteristic of hole resident carriers [139]. The data shown here is simulated
using Eqs. 3.4 - 3.6 with parameters taken from Table 3.1.
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where f,,, is the modulation frequency and 7§ corresponds to the 7} time, but not the intrinsic
value. To extract the intrinsic 7 time, a pump power sweep has to be done and then the 7T time
can be obtained by extrapolating to zero pump power, which then gives the real 7' time of the QDs.
Higher pump powers cause lattice heating and transient population of excitons and trions, which

affect the resident carrier spin.

3.5 Set-up

The full set-up for measuring the QD samples can be seen in Fig. 3.2. The following subsections

will cover the set-up shown in this figure.

3.5.1 Excitation Lasers

One of the lasers used was the Coherent Verdi V18 which is a diode, frequency-doubled Nd: Vanadate
laser. The maximum output power of the laser is 18 W and the output wavelength is 532 nm. The
pump laser was set to 14 W during measurements. The laser pumps the Coherent Mira-HP, which
is a Ti:Sapphire oscillator which was used to convert the continuos wave (CW) pump laser into
pulsed light. The Mira-HP was used in picosecond pulse regime, in which case the pulse width
is approximately 2 ps and the maximum achievable power is 3.5 W. The picosecond regime was
used since we are measuring QD ensembles; therefore a more narrow width in frequency domain
is preferred to limit the distribution of QDs excited. The oscillator wavelength can be tuned in the
range of 700-1000 nm and it was set to 835 nm. The repetition rate of the Mira-HP is 76 MHz,
which corresponds to 13.2 ns separation in time between pulses.

Since telecom C-band QD samples were measured, the pulsed laser light from the Mira-HP is
directed to the APE optical parametric oscillator (OPO) PP Automatic. The oscillator operation is
based on converting modelocked Ti:Sapphire pulsed light to telecom range wavelengths by using
a periodically poled nonlinear crystal. The OPO can either be used in a linear or ring cavity con-
figurations. In the case of the measurements in this thesis, the OPO was used in the linear cavity
configuration. In this configuration, the Ti:sapphire pump pulses drive a folded five-mirror linear
OPO cavity containing a periodically poled nonlinear crystal, Brewster windows, and dispersion
plates. Inside the crystal, the x?) interaction converts pump photons into lower-energy signal and
idler photons through optical parametric down-conversion.

With the 835 nm Mira-HP pump laser, the tuneable wavelength range of the OPO was 1400-
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Figure 3.2: Schematic of the pump-probe Faraday ellipticity setup.
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1600 nm, with an output power of 0.5 W. The spectral width of the OPO was 2 nm, which corre-
sponds to approximately 1.66 ps pulse duration with a wavelength of 1500 nm. It should be noted
that while even though the threshold power for the OPO is only 0.5 W, high power pump laser and

oscillator are used to ensure that there is enough power for the full optical set-up.

3.5.2 Pump-Probe Path

As already mentioned in Section 3.1, the measurements were done using the pump-probe method
based on time-resolved Faraday rotation. The laser beam from the OPO first goes into a 90:10
beamsplitters, where the 10 % beam is considered the probe path (dark red dashed line in Fig. 3.2)
and the 90 % beam is considered the pump path (dark red solid line in Fig. 3.2). The pump path
needs more power since it is both useful for power sweep measurements and also to ensure that
there is enough power for measurements such as SML. Probe path needs less power since it only
measures the polarization of the spins and also higher probe powers can also cause excitation of

the QDs, which can have unintended effects on the measurements.

Pump Path

The pump path (dark red solid line in Fig. 3.2) first goes into the mechanized delay line (OWIS,
LIMES 170, 1000 mm), which has micrometer movement resolution, corresponding to 2{/c ~
6.7fs time resolution and the total duration covered by the delay line is 6.7 ns, where the factor
of two is added because the delay line uses retroreflection, which doubles the effective length.
However, with the way the full path is set-up, at the 0.503 m point the pump and probe delays
overlap, so it results that in total the length that the duration that the delay line covers is 3.35 ns
into the positive or negative delay directions.

After the delay line, first the pump pulse goes to a A\ /2 waveplate and then into a Glan prism.
The /2 waveplate is attached to a rotation stage so that the pump pulse could be adjusted between s
and p-polarization linear polarization axes where then the Glan prism only lets through s-polarized
light. This combination serves a dual purpose: first to adjust the pump power for power sweep
measurements, second to have only s-polarized light.

From the Glan prism the linearly polarized light then goes through a electro-optic modulator
(EOM) (Linos LM0202 IR P, with a wavelength range of 950-1100 nm, works also at higher wave-
lengths, but with reduced transmission) after which a A\/4 waveplate follows. The EOM uses an

electro-optical crystal with controlled birefringence, which change the linear polarization of the
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transmitted light as the voltage is applied to the crystal. For measuring, the EOM was connected
to a pulse amplifier (Linos DIV 20) which was set to produce a square wave output correspond-
ing to orthogonal linear polarizations. The modulation frequency can be tuned between 1 kHz and
2.2 MHz. Then the )\/4 waveplate was rotated to match the orthogonal polarizations of the EOM,
which then produces o+ and o~ light pulses at the set modulation frequency. Modulation is nec-
essary for some of the measurement methods, as detailed in Section 3.4, and it also helps with
removing noise and background light from the signal. The pulse amplifier reference frequency
signal was connected to the lock-in amplifier (Zurich Instruments HF2LI) for demodulation. De-
modulation is explained in more detail in following text.

Lastly, the modulated light goes through a focusing lens which produces an approximately
150 pm beam spot on the sample. The focusing lens is placed on a three-dimensional translation
stage to adjust the overlap with the probe spot and to adjust the focus on the sample. The overlap
is crucial to obtain Faraday rotation, since the probe pulses have to pass through the same pump

excited QD ensembles.

Probe Path

In the probe path (dark red dashed line in Fig. 3.2), the pulses first go through an neutral density
(ND) filter to adjust the appropriate probe power without causing additional excitation. Then, the
attenuated light goes through a Glan prism to have only linearly polarized light. It then passes
through the photoelastic modulator (PEM) (Hinds Instruments PEM 100), which oscillates be-
tween linear, elliptical and circular polarizations by electrically oscillating a piezoelectric trans-
ducer which creates stress in a crystal, creating oscillating birefringence. The modulation was
set to 84 kHz and the reference frequency was connected to the lock-in amplifier. Then, from the
PEM, the light goes through another Glan prism, which is aligned to the same axis as the linear
polarization of the light coming out of the PEM, which results in intensity modulated light. Lastly,
the beam goes through a focusing lens, which focuses it on the sample to a 100 um diameter. The
probe beam diameter is smaller to ensure that even with vibrations of the system, there would still

be overlap between pump and probe.

3.5.3 PL and Imaging Path

Next to the PEM, there is a green laser diode placed, which first goes through a mirror (green

dashed path in Fig. 3.2) that was adjusted to make sure that the beam uses the same focusing lens
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as for the probe path. The green laser is used to obtain the PL of the sample, which is collected by
placing a mirror right by the cryostat window, which then directs the PL into a beamsplitter where
one of the paths is to a monochromator (Princeton Instruments Acton SP2300) with a grating size
of 600 I/mm. The beamsplitter is also directed at a video camera, which was used for imaging by
illuminating the sample by an external halogen lamp. Imaging was primarily used for overlapping
the pump and probe beams and also for seeing which sample was being measured. The pump-
probe overlap was done on a special sample which has second harmonic generation, allowing for

the telecom beams to be observed on the camera.

3.5.4 Cryostat

To cool down the QD samples, an Oxford Instruments SM4000-8 liquid helium bath cryostat was
used. Inside the magnet, there is superconducting split magnet from two of the cryostat sides
that applies a magnetic field along a single direction. The split magnet configuration allows for
ensuring a homogeneous magnetic field while also leaving a free optical pathway for transmission
measurements. The cryostat can be cooled down to 2.2 K with additional pumping, however, that
was not necessary for these measurements since 6 K is enough to avoid significant thermal phonon
coupling to the carriers. The magnetic field can be raised up to 8 T, but fields up to 4 T were used,
since dephasing times at that point already become short. The magnetic field was controlled by a
dedicated superconducting magnet power supply (Oxford Instruments 120-10).

The cryostat consists of the outer vacuum layer which is usually in the 10~% mbar range, the
middle layer with a liquid nitrogen bath, an inner layer with the liquid helium bath and finally a
chamber for the experimental insert. A variable temperature insert (VTI) is placed into the insert,
which is separated from the rest of the cryostat with a vacuum. A VTI allows temperature control
by regulating the liquid helium flow to the sample with a needle valve and by a dedicated heater.
Both the heater and the helium flow were controlled by a digital temperature controller (Oxford
Instruments ITC 503S). On the end of the VTI, a sample holder is attached. The holder can house
4 samples in total, with one of the samples attached always being the second harmonic generation

sample for pump-probe alignment use.

3.5.5 Detection

Once the pump and probe beams pass through the sample, the probe beam (dark red dashed line

in Fig. 3.2) goes through a focusing lens and then through a micrcometer diameter pinhole. This
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ensures that the pump beam (dark red solid line in Fig. 3.2) does not make it into the detection
path. Then, a collimator lens is used to minimize the beam divergence after the pinhole focusing
lens. Finally, the beam goes through a \/4 waveplate mounted on a rotation stage and then through
a Wollaston prism, which separates o+ and o~ polarization paths, where then the \/4 waveplate
is used to balance the paths before being measured by a high speed, telecom wavelength range
balanced photodiode (Femto HBPR-450M-10K-IN). A Wollaston prism and A /4 waveplate is used
since Faraday ellipticity was measured. A change in the spin polarization results in a difference
between the o and o~ polarizations when they are balanced.

Since the probe modulation is done at 84 kHz, the demodulation is done at 168 kHz. This is
because if the \/4 waveplate is rotated to 45° (determined by the balancing of sigma o™ and o™,
where the photodiode output is monitored with an oscilloscope and balance is found by finding
minimum output current), the Faraday ellipticity is measured from the second harmonic. Since the
pump is also modulated at 10 kHz (except for spin inertia measurements), the signal is detected at

the difference frequency 158 kHz or the sum 178 kHz.
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Spin properties in droplet
epitaxy-grown telecom quantum dots

4.1 Preamble

This chapter reproduces the published manuscript on spin dynamics in droplet-epitaxy telecom-
band InAs/InGaAs/InP quantum dots. The text, figures, and results are unchanged from the original
paper. Only formatting, notation consistency, and layout adjustments have been applied so that the
chapter fits the overall thesis style. Experimental measurements, data analysis and manuscript writ-
ing was done by me. Project conceptualization and initial setup was done by A. Greilich. Sample
growth was done by E. M. Sala and J. Heffernan. Supervision, project management and manuscript
editing was done by A. M. Fox, M. Bayer and A. Greilich. The corresponding publication is:

M. Cizauskas, E. M. Sala, J. Heffernan, A. M. Fox, M. Bayer, and A. Greilich, “Spin properties

in droplet epitaxy-grown telecom quantum dots,” Phys. Rev. B, vol. 112, p. 165412, Oct. 2025 [1].
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4.2. ABSTRACT

4.2 Abstract

We investigate the spin properties of InAs/InGaAs/InP quantum dots grown by MOV PE deposition
using droplet epitaxy, which emits in the telecom C-band. Using pump-probe Faraday ellipticity
measurements, we determine electron and hole g factors of |g.| = 0.93 and |g| = 0.47, with the
electron g-factor being nearly twice as low as typical MBE SK grown samples. Most significantly,
we measure a longitudinal spin relaxation time 77 = 3.0 us, representing an order of magni-
tude improvement over comparable MBE SK grown samples. Despite significant electron g-factor
anisotropy, we observed that it is reduced relative to similar material composition samples grown
with MBE or MOVPE SK methods. We attribute this g-factor anisotropy and spin lifetime improve-
ments to the enhanced structural symmetry achieved via MOVPE droplet epitaxy, which mitigates
the inherent structural asymmetry in strain-driven growth approaches for InAs/InP quantum dots.
These results demonstrate that MOVPE droplet epitaxy-grown InAs/InGaAcompresss/InP quan-
tum dots exhibit favorable spin properties for potential implementation in quantum information

applications.

4.3 Introduction

With the rapidly growing field of quantum computing, there is an increasing need of effective
quantum network solutions. Currently, one of the significant problems in quantum networking is
the decoherence of entangled states. When traveling a longer distance through a fiber, entangled
states can get entangled with the environment, causing decoherence of the initial states [10]. One
solution is satellite-based communication, which would allow for transmission distances of over
800km [142, ] across a wide range of wavelengths, spanning from visible light to telecom C
band [144].

However, the preferred option is to use the already established telecommunication fiber net-
work. In this case, quantum repeaters are needed to mitigate against loss. Unlike classic repeaters,
quantum repeaters do not amplify the signal; rather they perform entanglement swapping at dedi-
cated nodes [ 1]. To implement quantum repeaters effectively, quantum storage devices that can
maintain coherence for an extended period are required to allow the stored quantum state to become
entangled with a photon [145]. Telecom QDs are a good contender due to their efficient coupling to

single-mode fibers (with additional nanostructures designed to couple to fibers) [ 146, ]. It has
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been demonstrated that MBE-grown InAs/InAlGaAs quantum dots can have hole carrier coherence
times of up to 0.4 us [17].

Better coherence times can also be achieved by exploring different methods besides strain-
driven QD growth modes, most often SK growth in the context of QDs. Using SK poses a chal-
lenge growing InAs dots on InP, since anisotropic indium diffusion causes these quantum dots to
develop highly elongated shapes [49]. In contrast, quantum dots grown via MOVPE DE exhibit
enhanced structural symmetry [148], resulting in longer optical coherence times [149]. Conse-
quently, MOVPE droplet epitaxy grown InP quantum dots present more favorable characteristics
for implementation in quantum repeater applications.

Telecom quantum dots have been successfully grown via MOVPE using both self-assembly
techniques [ 150, ] and DE [152, 53, ] methodologies. InAs/InP QDs demonstrate excep-
tional single-photon purity [150, ] at operational temperatures reaching 80 K [151], making
them promising candidates for quantum optical applications. Comparative analyses indicate that
MOVPE DE-fabricated InAs/InP quantum dots exhibit significantly enhanced coherence times rel-
ative to strain-based growth methods [53]. Additionally, experiments have shown the feasibility of
quantum entanglement generation using MOVPE DE-grown structures [152], thereby expanding
their potential use in quantum communication protocols. This paper aims to characterize the spin
properties of InAs/InGaAs/InP quantum dots produced through MOVPE droplet epitaxy using a
pump-probe measurement scheme to evaluate their potential applications and conduct comparative

analyses with samples grown by other techniques.

4.4 Experimental details

The QD sample under study is grown by MOVPE on a (100)-oriented InP substrate in an Aixtron
CCS 3x2” reactor. The sample’s layer structure is presented in Fig. 4.2. None of the layers are
intentionally doped. The QD density is approximately 10'© cm~2. Measurements are performed
on the central part of the wafer. The signal quality exhibits strong spatial dependence within the
sample, possibly due to inhomogeneous QD distribution. For more details on the growth process,
see Ref. [59].

The sample is placed in a helium bath cryostat with an electronic heater to control the tem-
perature. A superconducting magnet inside the cryostat is used to apply magnetic fields. The

magnetic field can be applied either longitudinally to the k-wavevector of light (Faraday geometry)
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Figure 4.1: MOVPE droplet epitaxy grown InAs/InGaAs QD spin properties of carriers in trans-
verse magnetic field. Excitation energy for all measurements is 0.785 eV. Measurements are done
at 6K temperature, 20 mW pump power and 2 mW probe power. (a) Photoluminescence of the
sample (green) and the excitation laser spectrum (red). (b) QD oscillatory behavior is displayed
when a transverse magnetic By = 0.4 T is applied and the Faraday ellipticity signal is measured.
The black curve is the raw data, and the red curve is the fit. The red and black curves correspond
to hole and electron contributions, respectively. (c) Larmor precession frequencies depending on
the transverse magnetic field for electron (black) and hole (red). The g-factor calculated for both
carriers is displayed in the plot. (d) Spin dephasing times as a function of transverse magnetic field.
The calculated g-factor and B field spreads for each component are displayed in the top right.

Repeat 3x

Figure 4.2: Layer structure of MOVPE droplet epitaxy grown InAs/InGaAs/InP quantum dots
showing the substrate, buffer layer, and three repetitions of the quantum dot active region con-
sisting of InGaAs interlayer, InAs QDs, InP capping, and InP burial layers.
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or transverse (Voigt geometry) by rotating the sample relative to the magnet.

The sample spin dynamics are measured using a pump-probe method. The laser source is
a Ti:Sapphire pulsed laser at 76.7 MHz repetition rate, pumping an optical parametric oscillator,
which produces 2 nm wide 1.8 ps duration pulses with variable wavelength in the telecom C or L
band. The pulses are split into two paths, pump and probe, where the probe path goes through a
mechanized delay line for scanning delay. The beams are then focused to a diameter of 100 um for
the probe and 150 pm for the pump and overlapped at the sample.

The pump pulses are modulated between o and o~ using an electro-optic modulator with a
frequency range of 1 kHz to 2 MHz (10 kHz for all Voigt geometry measurements), while the probe
pulses are modulated in intensity using a photoelastic modulator at 86 kHz followed by a Glan-
Thompson polarizer. The circularly polarized pump pulses create the spin-polarized charge carriers
in the sample, while the linearly polarized probe pulses are used to measure the spin polarization
by the Faraday effect [135]. To reduce the possible amount of scattered pump light in the probe
detection channel, a 10 um pinhole was used to let through only the probe pulses. It is followed
by a quarter-wave plate converting the circular components of the induced ellipticity into linear
ones, a Wollaston polarizer separating the linearly polarized probe into two orthogonal linearly
polarized components, which are then directed to the balanced photodiodes. The probe signal is

demodulated at the difference modulation frequency and amplified by a lock-in amplifier.

4.5 Experimental results

Figure 4.1(a) shows PL of the sample at 6 K, which was obtained by exciting the sample with a laser
diode at 2.33 eV photon energy. The pump excitation is done at the peak of the PL. 0.785 eV [shown
in Fig. 4.1(a) by a red Lorentzian] for two reason: to ensure that the smallest possible distribution
of QD sizes is excited and because signal amplitude was highest, shown in Fig. 4.3(c). There is a
larger amplitude peak at higher energies, however, at that point a larger distribution of dots would
be excited, which would degrade the measured optical properties of the sample.

Figure 4.1(b) displays pump-probe QD spin polarization signal, measured by Faraday elliptic-
ity, with an applied transverse magnetic field of 0.4 T. Measurements are done at 0.4 T since at this
magnetic field strength the signal provides optimal signal clarity.

In the studied quantum dot ensemble, the oscillatory pump-probe signal originates from the

coherent precession of resident carrier spins. When the pump pulse is resonant (or nearly res-
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onant) with the trion transition, a circularly polarized excitation prepares a spin-polarized trion
complex. After its rapid radiative recombination, one resident carrier (electron or hole, depend-
ing on the charge state of the dot) remains behind in a spin-polarized state. This trion-mediated
initialization mechanism is well established in time-resolved Kerr and Faraday rotation studies of
singly charged dots [154, , , ]. Because the resident carrier lifetime exceeds both the
trion and neutral-exciton lifetimes by orders of magnitude (see later in the text), the correspond-
ing spin polarization survives on the nanosecond scale and dominates the long-delay oscillatory
response. Thus, the signals we observe are the coherent dynamics of resident spins initialized via
trion recombination [157, ].

In this regime, the oscillatory response observed for an inhomogeneous QD ensemble can
be decomposed into contributions from electron and hole spin precession with distinct Larmor
frequencies. This additive description has been successfully employed in many ensemble experi-
ments [159, 160, 65, 161]. Since the two spin species are initialized independently in different QDs
by the trion mechanism and retain coherence over times much longer than the excitonic lifetime,
fitting the data as a superposition of electron and hole oscillations provides a direct and reliable
way to extract their g factors. We note that within the short sub-nanosecond lifetime of the neutral
exciton, the electron-hole exchange interaction and fine-structure splitting require a pseudospin de-
scription [162]. However, because in our measurements the oscillations persist well beyond this
time window, the observed signals can be unambiguously assigned to resident electron and hole
spins.

Additionally, the observed decay is related to the spin dephasing, which is influenced by the
inhomogeneity of the excited QD ensemble [135]. The Faraday ellipticity signal can therefore be

fitted with the following equation:

t
S = ZAi cos(w;t) exp <— T2*1> , 4.1)

where i is the index for component, A; is the amplitude of component, w; is the component Lar-
mor precession frequency, and TQ*f is the component spin dephasing time. We can deduce that in
Fig. 4.1, the red component corresponds to the hole and the black to the electron by the extracted
values of the g factors. The g-factor of both can be calculated by following a linear relationship of

Larmor precession frequency on the strength of the applied transverse magnetic field:
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oy — gupBy
L B )

(4.2)
where wy, is the Larmor precession frequency, p g is the Bohr magneton constant, By is the trans-
verse magnetic field strength, and /i is the reduced Planck constant. Figure 4.1(c) shows the fre-
quency dependence on the transverse magnetic field strength. A linear equation is observed for
both hole and electron, from which the g factors can be extracted using Eq. (4.2). We obtain
|ge] = 0.93 and |gp,| = 0.47. From these results, we attribute the respective electron and hole com-
ponents [163, 65, ]. This assignment can also be approached through the corresponding spin
dephasing times. Since holes are less affected by the hyperfine interaction, they exhibit longer spin
dephasing times [95], as further discussed in the following paragraph. At low magnetic fields, the
component with the longer spin dephasing corresponds to |g;| = 0.47 [see Fig. 4.1(d)]. Therefore
the hole component can be attributed to the lower g-factor, while the electron component corre-
sponds to the higher g-factor, consistent with its shorter spin dephasing times at low fields. It
should be noted that the pump—probe measurement method employed here provides only absolute
g-factor values. Consequently, the g factors obtained in this study, as well as all subsequent ones,
are absolute.

Figure 4.1(d) displays the extracted spin dephasing times depending on the transverse magnetic
field. Spin dephasing is affected mostly by the g-factor spread due to QD size and content inho-
mogeneity and by hyperfine coupling to the nuclear spins. The relationship between 775 and By is

described by [17]

T5; =h/\/(AgiupBy)? + (g AB;)2, (4.3)

where Ag; is the g-factor spread and A B; is the magnetic field fluctuation spread, which quantifies
the fluctuation of the nuclear spins. Figure 4.1(d) shows data that are fitted by Eq. (4.3). At magnetic
fields below 0.1 T, the dephasing times are limited by the hyperfine interaction to nuclear spins. The
data show that spin dephasing at low magnetic field is saturated at 75 . = 1.2 ns for electrons and at
T2*’ 5, = 10ns for holes. This is expected due to the nuclear interaction hyperfine constant of a hole
being a magnitude smaller than for the electron [95]. This is further supported by the magnetic field
spread values seen from the fit, which are AB. = 104+0.11 mT and AB;, = 2.3+1.2 mT. At higher
magnetic fields, contributions from g-factor spread become significant, causing the spin dephasing

time to reduce. The g-factor spread values are Ag, = 0.043 £ 0.001 and Agp = 0.073 4+ 0.001.
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It is seen that the electron g-factor spread is lower than that of the hole, which is expected, due to
the smaller effective mass for the electron and the correspondingly broader wavefunction, leading
to the spatial averaging of the inhomogeneities. For comparison, in the case of a coupled multi-
layer MBE SK grown InAs QDs, despite the electron having a broader wavefunction, the g-factor
spread of electrons was higher than that of holes. This is attributed to a higher probability of
electron tunneling between the layers in the structure, due to its lower effective mass, providing a
bigger variation of environment, causing increased g-factor spread [17]. In our sample, tunneling

probability is greatly reduced due to barrier thickness of 100 nm, as opposed to 15 nm in Ref. [17].
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Figure 4.3: PL spectra, spectral dependence of g factors and Faraday ellipticity amplitudes at
By = 04T of electron and hole components in MOVPE droplet epitaxy grown InAs/InGaAs
QDs. Measurements are done at 6 K temperature, 20 mW pump power and 2 mW probe power.
(a) PL spectrum of the sample (green markers) fitted with a bimodal distribution (black curve, with
red and blue dashed curves showing components of the bimodal). (b) Absolute values of g-factor
as a function of excitation energy for electron (black) and hole (red) components. The normalized
PL spectrum is shown as a green line (plotted on the right axis). (c) Normalized Faraday ellipticity
amplitudes for electrons (black) and holes (red) as a function of excitation energy.

The g-factor spread values are also lower for both components compared to the MBE SK sam-
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ple, which is possibly caused by MOVPE DE grown samples having reduced QD size inhomogene-
ity. Figure 4.3 shows the PL of the measured sample with a bimodal distribution fit. Compared to
the previously mentioned MBE SK samples, the spectrum appears to be similar [17, 65, ]. It
has been previously demonstrated that MOV PE for deposition results in a bimodal distribution of
QD sizes [59, 60]. This is due to the fact that the smaller QDs grow first and then merge together to
form larger ones [59, 60]. It may also be a consequence of stacking multiple layers of QDs, where a
different layer may have a different distribution of QD sizes. Two different QD distributions can be
further confirmed by looking at Fig. 4.3(c), which shows Faraday amplitude of carrier components
measured at different excitation energies. It can be seen that there are two peak values for both
electron and hole components.

Referring back to results in Fig. 4.1(c), if one compares our results to the grown InAs/InAlGaAs
monolayer QD sample in Ref. [65], it shows more similar g-factor spread values of Ag, = 0.02
and Agp, = 0.05. Our sample exhibits a PL spectral width of approximately 19 meV for the
narrower size distribution seen in Fig. 4.3(a) red curve and approximately 46 meV for the wider
size distribution shown by the blue curve. The sample in Ref. [65] shows PL width of 60 meV,
which is similar to our case if we combine the widths of both components, resulting in a width of
65 meV. Since the width of our PL is larger, it is expected that our g-factor spread values are also
marginally larger.

The emission energy of a QD is dependent on its size, meaning that the g factors of components
change due to different size QDs being excited at different energies [ 160, ]. In similar QD
samples, the electron g-factor decreases and the hole g-factor increases as the excitation energy
increases [17, 65, 72]. In Fig. 4.3(b), it can be seen that the electron g-factor values follow what is
seen in other QD samples, but for the hole, it differs. The explanation for that is that the magnetic
field was not exactly along [001] direction [# = 90° in Fig. 4.4(d)]. It has been theoretically
shown that the hole g-factor demonstrates the same behavior as in our case when the magnetic
field is applied along [011] direction [68]. S. A. Crooker demonstrates this experimentally with
[InGaAs/GaAs QDs [168], where by applying a magnetic field along the [011] instead of [011], the
hole g-factor gradient inverts, which is in good agreement with our observed hole behavior.

Fig. 4.4(a) shows how the spin dephasing of electron and hole carriers changes as temperature
changes. These results further confirm that we observe both an electron and a hole component in
the previous measurements. It can be seen from the data that the dephasing time starts decaying

for one of the components at 10 K (holes) and for the other at 20 K (electrons). The data were fitted
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Figure 4.4: (a) Temperature dependence of spin dephasing times at a transverse magnetic field
of 0.4 T for electrons (black) and holes (red), fitted with Arrhenius equation. (b) Anisotropy of g
factors measured at B = 0.4T as a function of magnetic field rotation angle. (c) Magnetic field
dependence of electron spin polarization showing the polarization recovery curve (red) and Hanle
effect (black). Measurements are done at 6 K temperature, 2 mW probe power, 17 mW pump power
for PRC, and 15 mW for Hanle. The top axis shows the original measurement units. (d) Sample
rotation geometry showing magnetic field B at angle 6 relative to the [001] growth axis, enabling
measurement of g-factor anisotropy between transverse and parallel orientations.
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with Arrhenius equation [169]:

111 E,
o exp | 44
T, T, [ kBT] ) “.4)

where T} is the ground state relaxation time, 7 is the excited state relaxation time and F|, is the
activation energy. The fit gives activation energies of 15 meV for electrons and 3.6 meV for holes.

It has been demonstrated in 900 nm (In,Ga)As/GaAs QDs that spin coherence for holes starts
decaying at 10 and 20 K for electrons, since as temperature rises, elastic scattering processes that
leverage the broad phonon sidebands are expected to significantly accelerate the deterioration of
hole spin coherence [170]. However, while there is good agreement between our sample and the
example in Ref. [170] in terms of when dephasing starts decaying, spin dephasing is only bounded
by coherence times. Coherence does not have a direct influence on dephasing, and in the previously
shown example, the coherence times are significantly larger than the dephasing times displayed in
Fig. 4.4. A more relevant reference [89] shows spin dephasing times for both electrons and holes in
InAs/InAlGaAs/InP QDs. It is demonstrated that electron dephasing time starts decaying at higher
temperatures compared to hole, which is the same behavior we see in our sample. This behavior
is due to the inherently stronger spin-orbit interactions in the valence band, which enhance hole
coupling to phonons [90]. The biggest difference is the activation energy, which is significantly
larger in Ref. [89]. This is likely due to the Ref. [89] QDs having greater confinement, where it has
been shown that the presence an AlGaAs barrier increases activation energy [171].

Figure 4.4(b) shows how the g-factor of electron and hole change as the magnetic field is rotated;
in this case, the magnetic field direction was kept constant, and the sample was rotated. The data

are fitted with the following equation [66]:

lg| = \/(gJ_ cos 0)2 + (g sin6)?, 4.5)

where 6 is the magnetic field at angle relative to the [001] growth axis, g is the transverse mag-
netic field g-factor, and g is the parallel magnetic field g-factor. The transverse g factors were
g1 =0.87+0.017, g1 p = 0.30 & 0.087 and parallel g . = 2.1 + 0.043, g, = 1.1 £0.16.
Compared to another InAs/InAlGaAs sample [66], the results are not as expected, where in our
case the electron anisotropy is larger than the hole anisotropy. However, in another InAs/InP sam-
ple, it is shown that a decrease in excitation energy (from 0.91 eV to 0.86 eV) causes a significant

increase in electron g-factor anisotropy [72]. Measurements for the electron g-factor anisotropy
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are also done in Ref. [66]. However, they show barely any change. This indicates that the pres-

ence of InP impacts the electron g-factor anisotropy. The possible cause of this is the increasing

asymmetry of the QDs as the size increases [72]. It is also known that due to the low lattice mis-

match between InAs and InP (3%), both MBE and MOVPE strain-based growth methods for such
QDs have an asymmetric growth profile [57], which could be further exacerbated by the larger
size of the QDs. This would explain the increasing anisotropy for the mentioned InAs/InP sample,
which was grown by MOVPE SK method. Based on this trend, our sample should exhibit even
greater anisotropy since our excitation energy is 0.075 eV lower than the highest value in Ref. [72],
where they already demonstrated significant anisotropy increases with a decrease of excitation en-
ergy. However, our measured electron g-factor anisotropy is comparable, rather than larger for
both MOVPE and MBE SK grown InAs/InP QDs. It has been demonstrated that the same QDs can
be produced with improved symmetry properties by utilizing MOV PE droplet epitaxy [55], which

mitigates the expected increase in anisotropy in our sample, despite the lower excitation energy
compared to Ref. [72].

151 ) b) Bp=0.1 T} ¢) Bp=01T
2.51 : .
6001
;\ /,'\20 , "\|
£ 10 g — ‘.
E \:1.5" { \_f400 l
] S =~ ‘
§ 5l T } 1.0 { 4
] 2001 '
Oﬁ'}i o
Ty =31£15ns T =3.0+£047 us b
0 e 0.0 | 0 N
S 10 15 20 20 40 60
Pump Power (mW) Pump power (mW) T (K)

Figure 4.5: Spin dynamics measurements of quantum dots showing. (a) HWHM of the Hanle
curve as a function of pump power, showing electron spin lifetime at zero power extrapolation. (b)
Inverse electron spin lifetime versus pump power measured with a By = 0.1 T parallel magnetic
field applied, with linear extrapolation to zero to obtain electron longitudinal spin relaxation time

Ti. (c) Temperature dependence of electron spin lifetime with a 0.1 T parallel magnetic field
applied, fitted with an Arrhenius equation (dashed line).

Figure 4.4(c) shows the relationship between the PRC and Hanle curve. Both PRC and Hanle
curve were obtained by sweeping magnetic field strength and measuring Faraday ellipticity. For

PRC, the magnetic field was parallel, and for Hanle, it was transverse. The PRC and Hanle curve

can be fitted with the following model [141]:
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Te 252
H(Qp) ~ Zma (4.6)
QQ
P(Q) = o5 —5—— 4.7)

a Q% + 6275 /7

where P is the PRC curve, H is the Hanle curve, ¢ is the dispersion of nuclear fluctuations, 7. is
the nuclear spin correlation time and 7; is the carrier spin relaxation time. This results in nuclear
fluctuation dispersion value of § = 430 & 40 s~ ! and spin relaxation to nuclear spin correlation
time ratio of 75 /7. = 7.1+ 1.3. The PRC being relatively wide and V-shaped indicates that it is the
spin dynamics of the electron that are being measured [139]. The implications of these parameters
will be discussed in the discussion part.

Lastly, Fig. 4.5 shows the different spin times of our sample. Figure 4.5(a) is measured by
performing Hanle measurements at different pump powers. The HWHM from the Hanle curves
can then be extracted, and the intrinsic spin lifetime can be calculated by extrapolating to zero

pump power and applying the following equation [138]:

h
P
Jelt BBHWHM

(4.8)
This results in a spin dephasing time of T = 3.1+ 1.5 ns. In Fig. 4.5(b) T is measured by using
the spin inertia method [172]. A longitudinal magnetic field is applied to decouple the carrier spins
from the fluctuations of the nuclear spins. Fixing the delay at a negative time delay, the modulation
frequency is swept, and the Faraday ellipticity signal is measured. When the modulation period

falls below the spin lifetime 7, measured spin polarization decreases, causing the average signal

amplitude to diminish. This can be described by the following equation [17]:

So
1+ (2mfnTs)?’

S(fm) = (4.9)

where Sy is the amplitude of the Faraday ellipticity signal and f,, is the EOM modulation fre-
quency of the pump beam polarization. This allows the extraction of the spin lifetimes at different
pump powers and obtaining the longitudinal spin relaxation by extrapolating to zero pump power,
which is 77 = 3.0 £ 0.47 ps. Finally, Fig. 4.5(c) shows the spin lifetime dependence on varying
temperature. It is fitted with the Arrhenius equation, which shows similar activation energy to the
electron activation energy seen in Fig. 4.4(a). This indicates that we are most likely measuring the

spin lifetimes for electrons. In comparison, an MBE-grown InAs/InAlGaAs C-band QD sample
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shows 17 = 0.5 us [17] and another MBE-grown InAs/InAlGaAs/InP C-band QD sample shows
T1 = 0.2 us [89]. Our sample shows an order-of-magnitude improvement, indicating that it is

advantageous to use MOVPE DE for QD growth.

4.6 Discussion

There are several reasons why we assume that we are measuring resident carriers which are polar-
ized by excited trions. It has been demonstrated that InAs/InP QD exciton recombination times can
be up to 2ns [173]. Looking at Fig. 4.1(d), it can be seen that hole dephasing times of nearly 10 ns
have been measured, which indicates the presence of optically polarized resident holes, since, if
there were no resident holes polarized by trions, the neutral exciton would radiatively recombine
and spin dephasing would be limited at approximately 2 ns. The spin dephasing for resident elec-
trons is below the exciton recombination time; however, electrons are impacted more by hyperfine
interaction, as covered previously in Experimental Results, which is why the spin dephasing times
for them are much shorter. Nonetheless, the V shape and width of the PRC seen in Fig. 4.5(c)
indicate that the majority of resident carriers are electrons. If the measured electron component
were a part of a positively charged trion, an M shape of the PRC would be observed [140]. Lastly,
the fact that we can measure the PRC indicates the presence of resident carriers. The PRC curve
is measured at negative pump-probe delay times, indicating that spin polarization is observed at
times significantly longer (> 13 ns) than the exciton recombination times (< 2 ns).

Furthermore, an improvement in the 7} time of electron spins is observed, approximately an or-
der of magnitude larger than in other MBE SK grown telecom QD samples [ 17, 89]. However, there
are 900 nm wavelength range QD samples that show 7} times in the millisecond range [174]. One
of the factors that influences 77 times is the degree of confinement in the QD [175]. In the case of
Ref. [174] there are two factors that increase the confinement of their QDs: an asymmetric AlGaAs
barrier, where it has been shown that barriers with AlGaAs tend to increase confinement [171], and
small QD size. In our sample, the barrier only consists of InP, and the size is larger, causing re-
duced confinement energy. Another contributing factor is the hyperfine interaction with nuclear
spins. It has been demonstrated in a p-doped InAs sample that the hole 77 time is limited to 1 ps
due to coupling to nuclear spins [176]. In our case, we are measuring the electron 77, however,
as we have shown with Fig. 4.4(c) results, in our sample the nuclear spin correlation time is short

enough to impact spin polarization, which reduces 73 [141, 89].
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To quantitatively analyze the nuclear spin correlation time observed in Fig. 4.4(c), we first

consider the theoretical framework. In an ideal case, the data would be fit using a basic model

[141]:

2 42

HOQ ) ~=—" 4.10
1262 + 30?2

PQ)~-"1"1L 4.11

but this model provides an incomplete description of the system, as the observed ratio between
PRC and Hanle curves deviates from the expected 2:1 relationship. This basic model assumes that
the distribution function of the nuclear spin precession frequency is isotropic. It also assumes that
the nuclear spins on the timescale of electron precession are effectively static. These assumptions
would result in the 2:1 distribution of PRC and Hanle as seen in Egs. (4.10) and (4.11). However,
in our case a 2:1 distribution is not seen. Sect. 4 of Ref. [ 14 1] provides a different model which still
assumes that the hyperfine interaction is isotropic, which, if it was anisotropic, it would not have
effect in our sample since it is of relevance only for heavy holes, whereas in our sample electrons
are the resident carriers. However, in this model, the nuclear spin correlation times are shorter than
the spin relaxation times, which decreases the electron dephasing time. The model with shorter 7.
contributions is seen in Eqs. (4.6) and (4.7).

Fitting these functions for our data shows spin relaxation to nuclear spin correlation time ratio
of 75 /7. ~ 7, which indicates that for our sample the carrier spin relaxation time is longer than the
nuclear correlation time by 7 times. While this still allows for coherent electron spin, it introduces
additional relaxation pathways, causing the spin polarization values to reduce and reducing T}
time [141, 89]. Similar experimental results for p-doped (In,Ga)As/GaAs QDs are presented in
Sec. VII D. of Ref. [141]. The main differences are in the shape of the PRC curve, which in
their case is composed of two Lorentzians, indicating that the resident carrier in their sample are
holes, and that they see depolarization partially due to hyperfine interaction anisotropy, g-factor
anisotropy and potentially quantum anti-Zeno effect [177]. Otherwise, it is seen that the electron
dispersion values between our sample and theirs are almost the same.

Additionally, it is worth noting that the theory of the model described in Sec. 4 of Ref. [141]
does not fully apply to our case. The model describes how the nuclear correlation time indicates

the time it takes for an electron to transition to a different nuclear environment. Since our sam-
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ple is composed of QDs, the electrons stay within the same nuclear environment. This shows
that the nuclear spins are fluctuating on a timescale faster than the carrier spin relaxation time.
One possible cause of that is quadrupole interactions. It is known that the fundamental mecha-
nism underlying quadrupolar interactions in quantum dots involves the coupling between nuclear
quadrupole moments and electric field gradients generated by strain fields within the semiconduc-
tor lattice [178, 98]. Due to this coupling, the Overhauser field becomes time-dependent on the
time scales comparable to the carrier spin relaxation time [98]. In Fig. 4.5(a) we have shown that
our sample has an improved 7% compared to other telecom samples [ 7, 89], therefore, as an ap-
proximation, we assume that the same numerical model applies as in Ref. [141], except that it is
related to quadrupolar interactions causing nuclear field fluctuations. This could also explain why
the PRC amplitude observed in Ref. [141] is higher than in our case, since their sample shows
shorter electron spin lifetimes than our sample [139].

Another important feature of our sample is the reduced electron g-factor magnitude. It should
be said that the measurement method presented in Fig. 4.1 does not allow to determine the signs of
the g-factor, however, the absolute value is still significantly different compared to other telecom
QD samples, which display absolute electron g factors closer to 2 [65, 17]. This is related to the
increased electron g-factor due to the QD shape asymmetry. Ref. [72] demonstrates lower g factors
at higher excitation energies than in our case, which is attributed to the InAs/InP QDs having a
structure similar to a flat disk [60]. Therefore, our MOVPE DE grown sample shows improvement
in structural symmetry by having relatively better electron anisotropy properties and lower electron
g-factor value, compared to MBE or MOVPE grown with strain methods InAs/InP quantum dots.

Additionally, the temperature dependence of 7T in Fig. 4.5(c) is as expected. Assuming that
at low temperatures the primary mechanism for spin relaxation is due to hyperfine interaction, we
expect to see similar behavior for electron spin dephasing as in Fig. 4.4(a), where the relaxation
would remain constant and limited by hyperfine interaction and at higher temperatures it would
decay due to phonon interactions. However, the relaxation time starts decaying earlier compared
to spin dephasing temperature dependence. This may be caused by hyperfine coupling variations
mediated by lattice phonons [179]. It is mentioned in Ref. [179], that T time is protected from
the main inelastic-scattering mechanism due to confinement, however, as we have determined be-
fore, our sample’s confinement is reduced, which is why it is possible that we are observing such
temperature dependence.

The electron spin dephasing times at zero pump power show a further improvement compared
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to the times measured in Fig. 4.1(d). At this point, we approach the limit of dephasing caused by
hyperfine interaction. To prove this, hyperfine interaction strength can be calculated by fitting the

PRC curve with the following equation:

} + 2 ngt
3

S. =25 S 4.12
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where .Sy is the average electron-spin polarization at zero magnetic field, Bey; is the applied mag-
netic field and By is the averaged nuclear fluctuation field strength, which is defined as the HWHM
of the PRC curve dip. However, this equation assumes that the nuclear field fluctuations are
isotropic and non-fluctuating at the time scales of electron spin relaxation, but as we have shown,
our sample exhibits time-varying nuclear field fluctuations. If, as an approximation, we assume
that the nuclear field varies between z and (xy) directions, we can apply the 7, /7, ratio for the
distribution of the field directions. If we take the ratio to be 8 (within error bounds of the 75 /7,

ext

better fit with higher value), the equation becomes S, = S % + %ngt (B3, + B]%)] . Fitting this
equation with the PRC data shown in Fig. 4.4 results in By = 13 mT. From this, the spin dephasing
time limited by hyperfine interaction can be calculated 75 = 2v/3i/(geupBy) = 3.2ns, which
is only slightly larger than the value we have obtained in Fig. 4.5(a). While Fig. 4.1(d) already
shows the spin dephasing saturation at low applied magnetic field, which usually indicates that the
values are limited by nuclear fluctuations, this further confirms that in our sample the electron spin
dephasing time is limited mainly by hyperfine interaction and not any other factors.

We were not able to provide T» measurements as we could not observe the SML [17, ].
One of the possible reasons is that 75 is too short for SML to occur, however, seeing how an
improvement in spin dynamics is observed, it would be expected that an improvement for 75 would
also be observed, which should make it long enough for SML to be present. Another possibility is
that our signal to noise ratio was poor, which overshadowed the SML signal. Compared to MBE
SK grown samples that we have previously measured, this sample exhibited increased noise and
reduced signal strength. This degradation may result from point defects introduced during the
stacking of multiple quantum dot layers. The sample in Ref. [17] also has 8 layers of QDs with a
density of approximately 10'° cm~2, whereas our sample is 3 layers, which results in our sample

having a significantly smaller effective QD density and in turn weaker signal.
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4.7 Conclusions

We have characterized the spin properties of InAs/InGaAs/InP quantum dots grown by droplet
epitaxy using MOVPE. Our measurements reveal several key findings that demonstrate the advan-
tages of this growth method for telecom wavelength quantum dots. Most notably, we observed a
longitudinal spin relaxation time 77 = 3.0 us for electrons, representing an order of magnitude
improvement over comparable MBE-grown telecom QD samples [17, 89]. While we still observe
significant electron g-factor anisotropy, we show that compared to other telecom samples, we see an
improvement in anisotropy [72]. This enhancement is attributed to the improved structural sym-
metry achieved through MOVPE droplet epitaxy growth, which reduces the asymmetric growth

profile common in both MOVPE and MBE strain-based growth methods [50].
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Layer-dependent spin properties of
charge carriers in vertically coupled
telecom quantum dots

5.1 Preamble

This chapter reproduces the published manuscript on spin dynamics in Stranski-Krastanov grown
InAs/InAlGaAs telecom-band quantum dots. The text, figures, and results are unchanged from
the original paper. Only formatting, notation consistency, and layout adjustments have been ap-
plied so that the chapter fits the overall thesis style. Experimental measurements, data analysis and
manuscript writing was done by me. Project conceptualization and initial setup was done by A.
Greilich. Sample growth was done by A. Kors, J. P. Reithmaier and M. Benyoucef. Supervision,
project management and manuscript editing was done by A. M. Fox, M. Bayer and A. Greilich.
The corresponding publication is:

M.Cizauskas, A. Kors, J. P. Reithmaier, A. M. Fox, M. Benyoucef, M. Bayer, A. Greilich,
“Layer-dependent spin properties of charge carriers in vertically coupled telecom quantum dots,”

arXiv, 2509.15051, Sep. 2025 [2].
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5.2 Abstract

We investigate the spin properties of charge carriers in vertically coupled InAs/InAlGaAs quantum
dots grown by molecular beam epitaxy, emitting at telecom C-band wavelengths, with a silicon -
doped layer. Using time-resolved pump-probe Faraday ellipticity measurements, we systematically
study single-, two-, and four-layer QD configurations to quantify how vertical coupling affects key
spin-coherence parameters. Our measurements reveal distinct layer-dependent effects: (1) Adding
a second QD layer flips the resident charge from electrons to holes, consistent with optically in-
duced electron tunneling into lower-energy dots and resultant hole charging. (2) Starting from the
four-layer sample, the pump-probe signal develops an additional non-oscillating, decaying compo-
nent absent in single- and two-layer samples, attributed to multiple layer growth changing the strain
environment, which reduces heavy-hole and light-hole mixing. (3) With four-layers or more, hole
SML can be observed, enabling quantitative extraction of the hole coherence time 75 ~ 13 ns from
SML amplitude saturation. We also extract longitudinal spin relaxation (77) and transverse (75)
spin dephasing times, g-factors, and inhomogeneous dephasing parameters for both electrons and
holes across all layer configurations. The hole spin dephasing times 7% remain relatively constant
(2.3-2.7 ns) across layer counts, while longitudinal relaxation times 77 decrease with increasing lay-
ers (from 0.9 us for single-layer to 0.32 us for four-layer samples). These findings provide potential
design guidelines for engineering spin coherence in telecom-band QDs for quantum information

applications.

5.3 Introduction

The advancement of quantum information and communication technologies relies on the develop-
ment of high-quality quantum systems that can maintain coherence over extended timescales while
operating under practical conditions. Semiconductor QDs have emerged as versatile platforms for
quantum information applications due to their potential for optical control of spin states, scalable
fabrication, possibility of on-chip integration and use as high purity single-photon sources [ 180,

, 151].

For quantum information applications, operation at telecom wavelengths (1.3-1.6 um) offers
practical advantages, which is the possibility to use existing telecom fiber infrastructure. Efficient

QD coupling to single-mode fiber has been demonstrated with additional nanostructures designed
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to reduce losses [146, ]. InAs/InGaAs/InP QDs are a promising solution for telecom-band
quantum information applications, as they can be engineered to emit efficiently in the C-band while
maintaining the spin coherence properties necessary for quantum applications [89, 17].

The ultimate performance of QD spin-based quantum information systems is governed by the
coherence properties of the carrier spins, which are subject to decoherence from hyperfine inter-
actions, phonon scattering, and structural asymmetries [89, ]. MBE has been the predominant
growth technique for high-quality QD, offering precise control over layer thickness, composition,
and doping profiles [181]. However, the specific growth conditions and structural parameters can
significantly influence the resulting spin coherence properties.

An important consideration in QD design is the impact of layer structure on spin dynamics.
While single-layer QD structures offer simplicity, multi-layer configurations can provide enhanced
optical signals and the potential for engineering inter-layer interactions [182, , ]. The sam-
ples investigated in this work are InAs/InAlGaAs QDs grown by MBE, with a structure identical to
that reported by Ref. [17], with the difference that in Ref. [17] the sample consists of eight-layers.
We focus on comparing the spin properties of single-, two-, and four-layer stacks of QD configura-
tions to quantify how additional layers affect key spin-coherence parameters. Using time-resolved
pump-probe Faraday ellipticity, we extract longitudinal and transverse relaxation times, g-factors,
and inhomogeneous dephasing for electrons and holes.

Across otherwise-identical stacks, we uncover clear layer-dependent trends. First, adding a sec-
ond QD layer flips the effective optically-induced doping from electrons to holes, consistent with
optically induced electron tunneling into lower-energy dots and resultant hole charging. Second,
in four-layer stacks, the pump—probe signal exhibits an additional non-oscillatory decay compo-
nent absent in one- and two-layer samples, which we attribute to potential inter-layer coupling that
modifies the valence-band structure and reduces HH-LH mixing. Finally, the four-layer sample
supports hole SML, enabling the quantitative extraction of the hole coherence time 75 ~ 13 ns
from SML amplitude saturation.

This layer-resolved study identifies how vertical coupling reshapes spin properties in telecom-
band QDs and provides design guidelines for engineered coherence. Since multiple-layer structures
shift to holes as the primary charge carriers, coherence remains robust due to the weak hyperfine
coupling of holes. In this paper, we present measurements and results that provide a systematic
assessment of layer-dependent spin behaviour, essential for determining how multilayer QD struc-

tures can be used constructively in telecom-wavelength spin-photon platforms.
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5.4 Experimental details

The QD samples investigated in this study are fabricated using MBE SK growth method on (100)-
oriented InP substrates. The samples contain InAs QDs embedded within Ings3Alp24GagazAs
barrier layers, following the same structural design and growth parameters as reported by Ref. [17],
see Fig. 5.1a. The only difference between our samples is the number of layers.

Each InAs layer consists of 5.5 monolayers (equivalent to approximately 1.65 nm) with QDs
having a surface density of approximately 10'© cm™. A silicon §-doped layer is positioned 15 nm
below the QD layers with a doping concentration of 10'° ¢cm™? to provide resident electrons within
the QDs. In the two-layer sample, the QD layers are separated by 15 nm of Ing 53 Alg24Gag23As bar-
rier material. The quaternary barrier composition serves the dual purpose of providing enhanced
carrier confinemefnt.

Optical measurements are conducted using a liquid helium bath cryostat equipped with tem-
perature control capabilities, allowing measurements across a temperature range from 6 K to 60 K.
Magnetic field application is achieved through a superconducting magnet system capable of pro-
viding fields up to 4 T. The magnetic field orientation can be configured either parallel to the optical
excitation axis (Faraday configuration) or perpendicular to it (Voigt configuration) by mechanical
rotation of the sample mount and cryostat.

The optical excitation source consists of a mode-locked Ti:Sapphire laser (MiraHP) operating
at a repetition frequency of 76.7 MHz, which pumps an optical parametric oscillator (APE OPO)
to generate tunable pulses in the telecom wavelength range. The laser output provides pulses with
approximately 2 nm spectral bandwidth. The generated beam is divided into pump and probe paths
using a beam splitter, with the probe beam directed through a computer-controlled mechanical delay
stage for temporal scanning.

Both pump and probe beams are focused onto the sample surface, with the pump beam di-
ameter set to 150 um and the probe beam focused to 100 um diameter to ensure complete spatial
overlap. The excitation energy is tuned to coincide with the photoluminescence peak at approxi-
mately 0.83 eV to achieve resonant excitation of the QD ensemble.

Spin polarization in the QDs is generated using circularly polarized pump pulses, achieved
through an electro-optic modulator that alternates the pump polarization between o and o~ states
at frequencies ranging from 1 kHz to 2 MHz (with 10 kHz used for Voigt geometry measurements).

The probe beam is linearly polarized, and the intensity is modulated using a photoelastic modulator
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Figure 5.1: (a) Example of a four-layer InAs/InAlGaAs stacked QD sample structure. PL spectra
and Faraday ellipticity measurements for QD samples with varying numbers of layers are presented
in the subsequent plots. Panel (b) shows PL intensity spectra (offset for clarity), with the laser
excitation spectrum shown as a gray line for each sample. All PL spectra were obtained with a
2.33 eV laser as the excitation source. For Faraday ellipticity, 0.832 eV excitation was used for the
single- and two-layer samples, and 0.855 eV for the four-layer sample. Panels (¢), (d), and (e) show
time-resolved Faraday ellipticity amplitude measurements in blue color for the 1-layer, 2-layer, and
4-layer samples, respectively, with green color fitting using Eq. 5.9. The colored traces below show
the fit decomposition, with red traces corresponding to hole spin precession, black traces to electron
spin precession, and the orange trace (in panel e) representing an additional exponential decay
component that may arise from inter-dot coupling or other multi-dot interactions. The component
measurements were all done at a transverse magnetic field strength of 0.4 T. The pump and probe
powers for the single-layer sample were 15 mW and 2 mW, for the two-layer sample 20 mW and
2 mW, and for the four-layer sample 10 mW and 2 mW. All measurements were done at 6 K.

operating at 86 kHz, followed by a Glan-Thompson polarizer.

Spin-dependent optical rotation of the probe beam is detected through Faraday ellipticity mea-
surements [135]. Following interaction with the sample, the probe beam passed through a 10 um
diameter pinhole to minimize detection of scattered pump light. A quarter-wave plate converts the
circular components of an elliptically polarized probe into linearly polarized components with or-
thogonal orientations. These components are separated using a Wollaston prism and directed onto
balanced photodiodes for differential detection.

The photodiode signals are processed using lock-in amplification at the difference frequency
between the pump and probe modulation frequencies, providing an enhanced signal-to-noise ratio
and rejection of common-mode noise sources. This double-modulation detection scheme enables

measurement of small spin-induced optical rotations with high sensitivity.

5.5 Experimental Results

Figure 5.1b shows the PL spectra of all the samples (blue curves, gray curves show excitation).
The PL comparison of the different samples shows consistency; most of the change is observed

in where the sample is excited. The pump-probe excitation energy was determined by recording
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the electron and hole precession signal intensities at different wavelengths, keeping the excitation
power constant, and selecting the wavelength with the highest signal-to-noise ratio. For the 1- and
4-layer samples, the results are consistent and can be explained by the fact that at higher energies,
more dots are excited, leading to higher signal amplitude. In the 4-layer sample, the excitation is
shifted to higher energies to obtain a higher amplitude for the hole spin component due to the spin
mode-locking effect discussed later in the paper. In a 2-layer sample, the excitation is placed at a
lower energy than the PL center to obtain a robust signal.

When a transverse magnetic field is applied in the Voigt direction, the samples exhibit charac-
teristic oscillatory Faraday ellipticity signals (blue curve and the signal fit in green in panels c-e
of Fig. 5.1), as shown in Figs. 5.1c-e for a field of 0.4 T. These oscillations arise from the Larmor
precession of electron (black curve) and hole (red curve) spins, with each carrier type contributing

a distinct frequency component. The signals can be fitted and decomposed using:

2
S = ZAi cos(w;t) exp <_2T2*2> , 5.1

where ¢ denotes the carrier type (electron or hole), A; is the amplitude, w; is the Larmor precession
frequency, and T5, is the spin dephasing time. The Larmor frequency is related to the applied

magnetic field through:

gillBBy
w; = 7ﬁ

5.2)
where g; is the g-factor of the respective carrier, up is the Bohr magneton, By is the transverse
magnetic field strength, and %2 is the reduced Planck constant. Holes have a higher effective mass
than electrons, leading to more localized wavefunctions and correspondingly smaller g-factors,
which results in lower precession frequencies. [185, 1.

A further result can be observed in Figure 5.1e, where, alongside the electron and hole preces-
sions, there is an additional non-oscillating exponential decay element (orange curve in panel e),
which is also observed in the 8-layer sample investigated in Ref. [17]. One possible explanation is
the presence of a tilted magnetic field component, which provides an additional Faraday geometry
component that causes the exponential decay. However, with further anisotropy measurements and
the fact that this phenomenon is not observed in samples with 2 or 1 layers, we demonstrate that

it is most probably related to inter-layer dot coupling and varying strain environment between the

QD layers, which can affect heavy-hole and light-hole mixing.
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Figure 5.2 shows the change of sample properties with varied excitation energy. The columns
correspond to one-, two-, and four-layer structures, respectively, and the rows correspond to Fara-
day ellipticity, g-factor, and spin dephasing measurements, respectively. The black data points
correspond to electrons and red to holes. In gray, the PL is shown, and in panels a, b, and c, the
excitation spectra is displayed. The Faraday ellipticity measurements show the expected results:
the highest amplitude at higher energies after the PL. peak. The excitation is placed to account
for both the Faraday ellipticity amplitude and the signal-to-noise ratio, which is why the excita-
tion energy is offset from the amplitude maxima. The g-factor dependency shows the absolute
electron g-factor decreasing and increasing for holes, which is in line with what is observed in
similar telecom QD samples [17, 65, 66] and agrees with the Roth—-Lax—Zwerdling relation for
bulk semiconductors [74]. The spin dephasing measurements do not show any significant trends
with changing excitation energy. It should be noted that all data displayed here is with error bars.
However, in some cases, the error is small, so the error bars are not clearly visible.

The spin dephasing times (red data points correspond to holes and black to electrons), displayed
in Figures 5.3a-c for single-, two- and four-layer structures respectively, show a characteristic de-
pendence on the applied transverse magnetic field strength. At low magnetic fields, dephasing
is dominated by hyperfine interactions with nuclear spins. In contrast, at higher fields, inhomo-
geneities in the QD ensemble, which cause a spread in the g-factor, become the limiting factor.
This behavior is described by [17]:

TS, = f (5.3)

2 /(BgipsBv)? + (giipAB;)?

where Ag; represents the g-factor spread due to variations in QD size and composition, and A B;

characterizes the magnetic field fluctuations resulting from hyperfine interactions.

From the fits to the dephasing equation in Eq. 5.3, we extract significantly different g-factor
spreads for the three samples, shown in Table 5.1. The single-layer sample shows the largest g-
factor spreads for both electrons and holes, along with considerable magnetic field fluctuation
spreads. The two-layer sample exhibits reduced g-factor spreads for both carrier types, while
magnetic-field fluctuation spreads remain similar. The four-layer sample demonstrates a similar
electron g-factor spread compared to the two-layer sample, but shows a significant increase in hole
g-factor spread, while magnetic field fluctuation spreads remain comparable to the previous sam-

ples. The magnetic field fluctuations, which reflect the strength of hyperfine interactions, show
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Figure 5.2: Energy dependent parameter characterization for QD samples with different numbers
of layers (1, 2, and 4 layers). Panels (a), (b), and (c) display the normalized Faraday ellipticity
amplitudes A; from Eq. 5.9, red points represent holes and black ones electrons. Gray lines addi-
tionally show the PL and the laser pulse profile for later experiments. Panels (d), (e), and (f) show
the extracted Lande g-factors. Panels (g), (h), and (i) show the spin dephasing times TQ*,i measured
at magnetic field values shown in the panels. Pump powers for the 1-layer sample were 15 mW, and
for 2- and 4-layer samples, 20 mW. All measurements were performed at 6 K and a probe power of
2mW.
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some variation between samples but stay in the same order of magnitude, suggesting similar nu-
clear spin environments in all three structures. There is a more significant difference between our
three samples and the eight-layer sample in Ref. [17] in terms of magnetic field fluctuation values

AB;. This substantial deviation of the electron field fluctuation component might be related to the

weaker localization of the tunneling electrons.
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Figure 5.3: Spin dephasing time (73) measurements as a function of transverse magnetic field
(By) for InAs/InAlGaAs QD samples with different numbers of layers. The data is presented on
log-log scales for samples containing 1, 2, and 4 QD layers (panels a, b, and c, respectively). Red
circles represent hole spin dephasing times, and black circles represent electron spin dephasing
times. The solid lines show fits to the experimental data using a model that accounts for g-factor
spread and magnetic field fluctuations. The fitting parameters, including magnetic field spreads
(ABy, AB,) and g-factor spreads (Agp, Age) are displayed for each sample. The measurement
configuration is the same as in Fig. 5.1.

Sample |9 |gnl Age Agn AB, ABy,
1-layer 1.51+0.01 | 0.64 £0.01 | 0.07£0.02 | 0.13£+0.02 | 303 | 3£2
2-layers 142 +0.01 | 0.72+0.01 | 0.03£0.01 | 0.07+0.01 | 29+2 | 3+1
4-layers 1.15+0.01 | 049+£0.01 | 0.03£0.01 | 0.15+0.02 | 27+2 | 6£2
8-layers [17] | 1.88 = 0.02 | 0.60 +=0.01 | 0.15+0.03 | 0.09 £0.01 | 14 £2 | 8+ 2

Table 5.1: Different sample g-factor values, g-factor spreads, and magnetic field fluctuation spreads
extracted from dephasing equation Eq. 5.9 and Eq. 5.3 fits for electron and hole carriers across four
QD layer structures. A B, and A By, units are in mT.

The g-factor spread shows more significant variation compared to the magnetic field spread.
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The reduced g-factor spread in the two-layer sample may indicate improved structural uniformity or
different growth dynamics compared to the single-layer sample; however, the more likely explana-
tion is that the excitation energy remains the same while the PL of the two-layer sample blue-shifts.
This results in the effective excited PL. width being significantly smaller than in the single-layer
sample, indicating that the size distribution of the excited QDs is narrower than in the single-layer
case, leading to a smaller g-factor spread. Another contributing factor is that due to the PL blue
shift, higher-energy QDs are excited. It has been demonstrated that higher-energy transitions tend
to have lower g-factor spreads [72], which is consistent with our reduced g-factor spread. A similar
argument applies to the four-layer sample, where the PL is red-shifted and the excitation energy is
higher than in the other two samples, thereby increasing the hole g-factor spread. It is of interest
to note that in both cases, the electron g-factor spread is smaller than that of the hole, and even
decreases relative to the hole g-factor spread in the two-layer and four-layer structures. Compared
to Ref. [17], it would be expected that the electron g-factor spread would become larger than for
holes with an increasing layer amount. This is further addressed in the Discussion.

Lastly, the obtained transverse g-factors for the different samples are shown in Table 5.1. There
is minimal change in the g-factors between one- and two-layer samples. However, the four-layer
sample shows a significant decrease in g-factors. This is related to the differences in excitation
energy between the samples. It is demonstrated that with increasing excitation energy, the electron
g-factor decreases [71, 65]. In our case, the excitation energy is significantly increased in the
four-layer sample, leading to a decreased electron g-factor. The same applies to the eight-layer
sample in Ref. [17], where the g-factors are |g.| = 1.88 and |g;,| = 0.60. The electron g-factor is
significantly larger, which is expected, since the excitation done is at lower energies due to a red
shift of the sample PL.

Figures 5.4a-c show PRC and Hanle measurements for the single-, two-, and four-layer sam-
ples, respectively. Both Hanle (black data points and curve) and PRC (red data points and curve)
measurements are performed by measuring Faraday ellipticity immediately before pump and probe
overlap, ensuring sufficient spin decay and measurements of the resident carriers. The main dif-
ference is that Hanle is measured in Voigt geometry, while PRC in Faraday geometry.

As mentioned in the Experimental Details, our sample is doped to provide electrons as resident
carriers. It has been demonstrated previously that PRCs exhibit a V-like shape for n-doped samples
and an M-shape for p-doped samples [139]. From the single-layer sample PRC demonstrated in

Fig. 5.4a, it can be seen that there are both electrons and holes as the resident carriers. However, in

80



CHAPTER 5. LAYER-DEPENDENT SPIN PROPERTIES OF CHARGE CARRIERS IN
VERTICALLY COUPLED TELECOM QUANTUM DOTS

100 50 0 50 100
B (mT)

Figure 5.4: Polarization recovery curves (red) and Hanle effect measurements (black) for (a) single-
layer sample, (b) two-layer sample, and (c) four-layer sample. The measurements show the total
spin polarization (S,) as a function of magnetic field strength. The fits for PRC are done with
Egs. 5.5. The pump power is 20 mW and probe power is 2 mW for both PRC and Hanle, for single
and two-layer samples, and the pump power for the four-layer sample is 10 mW. All measurements
are performed at 6 K.
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the two and four-layer samples (Fig. 5.4b), a more prominent M shape is observed, indicating that
the electrons are observed as part of trions and holes are becoming resident carriers, showing that by
adding additional layers, the number of holes as resident carriers increases. This can be attributed
to electrons tunneling out to occupy lower-energy QDs, due to their lower effective mass [ 186, 17],
leading to optically induced hole doping.

The fits for both PRC and Hanle are done with Lorentzians that are provided by Ref. [141]:

HO)~ 2 5.4
3052+ 02 ‘
12562 + 302
PQp)~-———L (5.5)

32024077

where P — PRC, H — Hanle curve, ¢ — dispersion of the nuclear fluctuations, and Q7 = gup B /h.
This model is applied by first fitting the Hanle curve with the known transverse g-factor to obtain
the dispersion §, which is then used to fit the PRC’s dispersion value and the carrier longitudinal
g-factor. This basic model assumes that the hyperfine interaction is isotropic and that nuclear
spin precession is significantly slower than electron spin precession. It should be noted that, due
to the use of pulsed excitation, we are plotting total spin polarization rather than normalized spin
polarization. In such case, the fitis (S,) = Sy P(2,), where Sy is the initial spin polarization [ 141].
The reason for this is explained in Ref. [141] Section V. In the single-layer sample, the PRC fitting
yields electron dispersion values of 6, = 2870 =+ 100 us~! and hole dispersion values of &, =
360+ 10 s~ 1. For the two-layer sample, the electron dispersion slightly increases to J, = 3180 =+
100 15! and the obtained hole dispersion is &, = 261410 ps~—!. As for the four-layer sample, the
dispersion values remain similar §, = 3200 % 400 pus~! and 6, = 326 & 10 us~!. These widths
indicate how strong the hyperfine interaction is [141], which means that for holes, the hyperfine
interaction is significantly lower, which is expected since the nuclear interaction hyperfine constant
of a hole is an order of magnitude smaller than for the electron [95]. Moreover, an offset is seen in
the Hanle curve of the four-layer sample. This indicates that spin mode-locking is present, which
we confirm and discuss in the text below.

Returning to the aforementioned exponential decay component present in the four-layer sample
and shown in Fig. 5.1e, Figs. 5.5a and 5.5b prove that the additional component is not related to
Faraday geometry. Figure 5.5a shows the change of amplitude of the Faraday ellipticity signal, and

Fig. 5.5b shows the change of the decay time of the non-oscillating component as the sample is

82



CHAPTER 5. LAYER-DEPENDENT SPIN PROPERTIES OF CHARGE CARRIERS IN
VERTICALLY COUPLED TELECOM QUANTUM DOTS

[a—
1
g
wn
1

Amplitude
-
i

_
o
|

[ S Y

Decay time (ns)
—

Decay time (ns)

] 0.54
0.51 | -
0 T T T ! T T T T T 0 T T T T T I
—-15 0 15 30 0 50 100 150
Angle (degrees) Temperature (K)

Figure 5.5: Characterization of the additional exponential decay component observed in a four-layer
QD sample. (a) Normalized amplitude of the exponential component as a function of magnetic field
angle measured away from the Voigt geometry. (b) Decay time of the exponential component as
a function of magnetic field angle. (c) Temperature dependence of the exponential component
decay time. All measurements are performed at a temperature of 6 K (except for (c)), a transverse
magnetic field strength of 0.4 T, a pump power of 10 mW, and a probe power of 2 mW.
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rotated. It can be seen that no matter the rotation angle, the non-oscillating exponential component
remained present. It should be noted that, although the lowest decay time would be expected at a
0-degree angle due to the magnetic field being entirely in Voigt geometry, mechanical rotation of
the sample introduces inaccuracies in determining the magnetic field angle.

Additionally, Fig. 5.5¢c shows the temperature dependence of the exponential decay time (red
curve corresponds to the exponential fit). In a magnetic field applied in the Faraday geometry, one
would expect the measurement to reflect spin lifetime 77, which typically decreases with increasing
temperature [1, 17, 89]. Instead, the decay time in our case remains nearly constant up to 50K,
after which it increases exponentially. A similar trend was reported in Ref. [187], where exciton
lifetimes were measured in QD molecules using time-resolved micro-photoluminescence. These
observations support the conclusion that the exponential decay component originates when addi-
tional QD layers are added. However, this is not necessarily related to inter-dot coupling effects.
This is further addressed in the Discussion.

Figure 5.6 presents the different spin relaxation times for our samples. In Fig. 5.6a-c, Hanle
measurements are performed at varying pump powers to extract the HWHM, from which the in-
trinsic spin dephasing time is determined by extrapolating to zero pump power using the following
equation:

h

T = ——8 . 5.6
> g Buwam (56)

The extrapolation to zero is done using a linear fit (red curve in Fig. 5.6a-c panels). The resulting
spin dephasing times can be seen in Table 5.2, showing only slight increase between the different
samples. However, the obtained dephasing times are lower than the theoretical limit imposed by
hyperfine interaction. To evaluate this limit, the hyperfine interaction strength can be calculated by

fitting the PRC curves of all the samples with the following equation [188]:

- 1 2 B2
S, =Sy |>+ e 5.7
z 0 3 SBgXt I B? ( )

where Bey — applied magnetic field, Sy — average electron-spin polarization at zero magnetic field,
and By — averaged nuclear fluctuation field strength, which is HWHM of the PRC dip. This equa-
tion is used to fit two components of the PRC, since we observe both a hole and an electron com-
ponent in all samples. The results of the fits for the hole component of the single-layer sample are

By = 5.2mT, By = 2.4mT for the two-layer sample, and By = 3.9 mT for the four-layer sample.
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Figure 5.6: Spin dynamics measurements for QD samples with different numbers of layers (1, 2,
and 4 layers). Panels (a), (b), and (c) display the HWHM of Hanle curves as a function of pump
power, from which spin dephasing times 77 are extracted through linear extrapolation to zero pump
power. Panels (d), (e), and (f) show the inverse spin lifetime (1/7%) versus pump power measured
under a longitudinal magnetic field of 0.1 T, with the intrinsic longitudinal spin relaxation times
Ty determined by extrapolating the linear fits to zero pump power. Red lines are linear fits for
extrapolation to zero.

Panels (g), (h) and (i) show the spin lifetime in Faraday geometry dependency on the sample
temperature, measured using the spin inertia method. All the samples are subjected to a magnetic
field of 0.1 T. Pump power for the different panels is (g) S mW, (h) 2mW, and (i) 2 mW. All
measurements were performed at 6 K and a probe power of 2 mW.
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With this, the spin dephasing time limited by hyperfine interaction for holes can be calculated with

the following equation [169]:

Ty = 2V3i/(gnpsBy) (5.8)

which results in 12 ns for the single-layer sample, 23 ns for the two-layer one and 20 ns for the four-
layer sample. The 7% values obtained from Hanle measurements are significantly lower, indicating
that effects beyond the hyperfine interaction further reduce the dephasing times. One possibility
is strain-induced effects that give rise to nuclear quadrupolar interactions, which can significantly
reduce spin coherence times [189]. The inherent lattice mismatch in InAs/InAlGaAs QDs grown
by SK creates structural asymmetries that enhance these quadrupolar effects. This interpretation
is supported by recent studies on InAs/InGaAs/InP QDs grown by MOVPE droplet epitaxy, which
demonstrate substantially improved spin dephasing times approaching the hyperfine limit due to
the reduced strain achieved through this growth technique [1]. It should be noted that these equa-
tions are usually applied for electrons rather than holes. Holes demonstrate significantly weaker
hyperfine interactions compared to electrons [95], so this is only an approximation; however, such
spin dephasing times are expected for holes [190].

Figures 5.6d-f show 77 measurements obtained using the spin inertia method [172]. In this
measurement approach, a longitudinal magnetic field decouples carrier spins from nuclear spin
fluctuations. With the probe delay fixed at a negative time, the pump modulation frequency is
varied while monitoring the Faraday ellipticity signal. As the modulation period approaches the
spin lifetime, the measured spin polarization diminishes, reducing the average signal amplitude

according to the relation [17]:

So

V1+ QrfnT)?

where Sy — initial amplitude of the Faraday ellipticity signal and f,, — pump beam polarization

S(fm) = (5.9)

EOM modulation frequency. By measuring 7T at different pump powers with a parallel magnetic
field applied, a linear fit can be applied (red curve in Fig. 5.6d-f panels), and it can be extrapolated
to obtain the intrinsic longitudinal hole spin lifetime 77. As the time relaxation rate saturates at
higher powers, we only include the linear part of the dependence in the low power side of the data
points for the fitting. The 77 values across the samples can be seen in Table 5.2.

The difference in 77 times between single- and two-layer samples is significant, but the error
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Figure 5.7: (a) Time-resolved pump-probe signal for the four-layer sample, where the blue trace
represents the raw data and the red line is a fit. At negative time delays (on the left), the signal
shows the characteristic SML revival, in which spin coherence is recovered before the arrival of
the pump pulse. At positive time delays (right side), normal spin precession is observed in Voigt
geometry following optical excitation. (b) Normalized amplitude of the SML signal as a function
of pump power, showing how the mode-locking effect strengthens with increasing excitation power
until reaching saturation around 25-30 mW. (¢) The extracted SML data for holes (blue data points)
fitted with a theoretical model curve (red line). All measurements were performed at 6 K, 0.4 T
transverse magnetic field, and 2 mW probe power.
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Sample Type T35, (ns) Ty (s)
Single-layer 23+0.1| 09+0.3

Two-layer 25+0.1| 0.74+0.03
Four-layer 27+£0.1] 0.32+0.03
Eight-layer [17] - 0.50 £ 0.04

Table 5.2: Spin dephasing times (7%) and longitudinal spin relaxation times (77 ) measured for hole
spin carriers across the different QD layer structures. The 73 value was not measured by Hanle in
Ref. [17].

in the single-layer sample 77 is large enough to put it within the range of the two-layer sample.
However, the four-layer sample shows a further reduction compared to both the single- and two-
layer samples. The eight-layer sample in Ref. [17] also exhibits a reduced 77 of 0.5 us, indicating
that the shift from two- to four-layers causes a reduction in 77 times. Figure 5.4 demonstrates that
with added layers, the effective carriers become holes; therefore, it is also safe to assume that the
T1 measurements are for holes when additional layers are added. This transition to hole-dominated
charging contributes to the observed reduction in 77 times, as holes exhibit enhanced spin-orbit
coupling compared to electrons, which accelerates spin relaxation processes [191, 88]. Moreover,
the hole spin lifetime also shows a strong dependence on QD size. It was demonstrated that larger
InAs/GaAs dots exhibit longer T3 times [192]. The particularly low 77 observed in the four-layer
sample can be understood through the interplay of these effects: the resident carriers are holes,
which have an inherently shorter lifetime, and the sample was excited at a higher energy compared
to the single and two-layer samples, which excite smaller QDs within the ensemble, leading to
shorter 77 times for holes. In contrast, the eight-layer sample in Ref. [17] was excited at a lower
energy, corresponding to larger QDs with longer 7 times. However, this value remains lower than
those of single- and two-layer samples because holes are the dominant carriers.

Figures 5.6g-i show the spin lifetime dependence on temperature with a magnetic field applied
in Faraday geometry for single-, two-, and four-layer samples, respectively. The spin lifetime val-
ues in Fig. 5.6i are significantly lower because of using higher pump power, where it is known that
increasing pump power speeds up spin relaxation due to photogenerated carriers, causing delocal-
ization of resident carriers [193]. Another factor is the intrinsically lower 77 time for the four-layer
structure, shown in Fig. 5.6f. The measurements were done up to 25-30 K because the signal weak-
ened as the temperature increased, making the fitting error too large at higher temperatures. The
changing trend across different layer count structures is further addressed in the Discussion.

Lastly, in Fig. 5.7a, the signal of the four-layer sample and its fit (red curve) are displayed. In
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this case, a weak, single-frequency oscillation can be observed (see Fig. 5.7c and zoom-in). This
effect is called SML. In SML, coherent spin dynamics are sustained across multiple pump-pulse
cycles via a feedback mechanism. When the spin coherence time 75 exceeds the laser repetition
period T, spins that precess commensurate with the pulse repetition frequency can maintain phase
coherence between successive excitation pulses [17, ]. This manifests as a revival of the spin
signal at negative time delays, where the probe pulse arrives before the pump pulse. In this case,
the SML signal frequency corresponds to holes, since the SML signal frequency is the same as the
hole precession frequency seen at positive time delays.

The existence of SML allows us to estimate 75 for the four-layer sample. The hole spin
coherence time 75 was extracted by modeling the SML signal amplitude ratio before and after
pump pulse excitation. The modeling incorporated experimentally determined hole g-factors, g-
factor spreads (Agy,), and assumed a Gaussian distribution of g-factors across the QD ensemble.
Refs. [135, , 17, ] go into more details about how the modeling is done.

In Ref. [17], the authors were only able to estimate the range of 75 times due to not observ-
ing SML amplitude saturation or Rabi oscillations. In our case, we can determine it much more
accurately by observing saturation of the SML amplitude, as shown in Fig. 5.7b. To determine it,
we model the QD ensemble using a Gaussian g-factor distribution with a width of Ag, = 0.11
and g-factor |g,| = 0.65. The amplitude ratio of SML and the amplitude of the signal after exci-
tation then depends on 75 time and the pulse area ©. Since we observe saturation, the pulse area
is © = m, and thus the coherence time is 75 = 13 ns. The plotted model (red curve corresponds
to the model fit) can be seen in Fig. 5.7c overlayed with the extracted hole spin contribution of the

real signal given in Fig. 5.7a.

5.6 Discussion

Several noteworthy effects emerge when additional QD layers with narrow barrier separations are
incorporated. First, the n-doped sample becomes effectively p-doped when a second layer is added,
and with four layers, there is indication that there is again more electron carriers, which is possi-
ble due to variances in doping between samples. However, holes are still present, as shown in
Figs. 5.4a-c. In the previous section, we mentioned that the cause of this is the tunneling of excited
electrons to lower-energy QDs. The reason is likely that, as additional layers grow, the QDs on

that layer have lower energy. This has been demonstrated for InAs/GaAs QDs, where as layers
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are stacked, the QD size increases since the strain distribution from the underlying layers causes
the preferential localization of QDs on top [195, ]. Moreover, although the barrier thickness
is 15 nm, it is not measured from the top of the QDs. The QD height is estimated to be between
9-13 nm [72], which makes the effective distance between the QDs short enough (3-6 nm) for tun-
neling to occur efficiently.

These samples would benefit from added charge-control structures not only because of being
able to confidently determine whether the seen changes in doping are truly related to tunneling,
but also for extending carrier lifetimes and enabling controlled tuning of tunneling. However,
implementing charge control in multi-layer structures is challenging because doping can only be
applied above and below the QD layer stack. Due to this, deterministic charging of each layer is
hard to achieve due to the lack of uniformity of the electric field and the Fermi level.

In addition to tunneling, we see an additional non-oscillating decaying exponential starting to
appear in the four-layer structure, seen in Fig. 5.1d, which is also seen in the eight-layer structure
in Ref. [17] Fig. 2a. In the referenced paper, the authors attribute this additional component to
either a molecular or an excitonic state caused by coupling between the QDs. In our case, we also
attribute it to coupling-related effects, since we exclude the possibility of the exponential resulting
from Faraday geometry by performing anisotropy measurements shown in Figs. 5.5a-b, and also
because we do not see the additional component in either single or two-layer samples.

We hypothesize that there are two effects associated with this non-oscillating component. It is
known that, due to QD confinement, there is significant .LH and HH mixing [197], which affects
the optical and spin properties of QDs, in particular, causing significant g-factor anisotropy and
non-zero in-plane g-factor values for the corresponding hole component[66]. However, for some
quantum well samples, a pure HH state has been observed, which shows transverse g-factor values
near zero [198] or even effectively zero when considering thin quantum wells, in which case the
splitting between the LH and HH is relatively large when ignoring cubic symmetry [199]. There-
fore, we attribute the non-oscillating component to reduced heavy-hole-light-hole mixing, caused
by the addition of multiple layers that change the strain environment and, in turn, reduce symme-
try, resulting in greater splitting between LH and HH. This is further confirmed by examining the
eight-layer structure in Ref. [17], where the non-oscillating component exhibits an increase in both
decay time and amplitude, suggesting that additional layers may further reduce HH and [_.H mixing.

Subsequently, Fig. 5.5¢ demonstrates an unexpected result where both the electron and the

potential HH dephasing times increase with temperature. These results show substantial similarity
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to time-resolved microphotoluminescence exciton lifetime measurements in InAs/InP QDs [187]
and in InAs/GaAs QDs [200, , ], where the lifetime increases with temperature due to the
carriers being excited to p-shell states with increased temperature, causing lowered radiative rates
since the carriers have to relax back to s-shell before recombining. Moreover, indirect excitons
in coupled QD systems have been demonstrated via photoluminescence measurements, using an
electric field to place the electron and hole in resonance [203]. Therefore, as we have confirmed
that tunneling in our sample is a possibility due to the effective distances between the QDs and due
to the results shown in Fig. 5.4, we then assume that the increasing dephasing times of exciton and
heavy-hole seen in Fig. 5.5¢ is due to the formation of an indirect exciton.

In our case, we do not need to perform electric-field tuning because our measurements show
spin polarization rather than photoluminescence. However, the previously discussed measurements
in Refs. [187, , 201, 202] show increased exciton lifetime, rather than investigating spin dephas-
ing. The observed dephasing pattern arises because holes in indirect excitons experience primarily
hyperfine interactions as their dominant dephasing mechanism [204]. This hyperfine-interaction-
limited dephasing directly correlates the hole spin dephasing time with the exciton lifetime. There-
fore, as temperature increases, exciton lifetimes increase, and the dephasing time increases propor-
tionally. As to why this is not observed for the direct excitons in either the four-layer or lower count
layer samples, this is due to the indirect excitons having an inherently longer lifetime because of
their reduced wavefunction overlap [205], making them more affected by the aforementioned ra-
diative overlap.

Another emerging effect arising from multiple layers of QDs is evident in Figs. 5.6g-i. In
the Figs. 5.6g and h, the tendencies are expected, where in panel g, a more or less constant spin
lifetime is observed up to 20 K and then starts reducing, which indicates that the resident carriers
are electrons [89]. In plot h, the lifetime starts to decrease immediately at 10 K, suggesting that the
resident carriers are then holes [89]. The PRC results in Figs. 5.4a and 5.4b further confirm these
two plots. In the case of Fig. 5.6i, it is expected that it would be the same as in plot h, due to the
resident carriers being holes; however, the spin lifetime remains nearly constant through the whole
range. Almost identical behavior is observed in the eight-layer sample investigated in Ref. [17],
indicating that this effect, like SML and the non-oscillating component, only appears at 4 layers or
more.

Lastly, along with the additional component observed in the four-layer sample, we also observe

spin mode-locking. Moreover, we can see improvements in 75 times from a four-layer sample to
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an eight-layer sample, as shown in Ref. [17]; however, these are relatively marginal and, in this
case, are attributed to error. As to the reason for SML’s appearance, it can be explained by the
aforementioned tunneling. As more and more layers are added, there are more QDs for electrons to
tunnel to, leaving more holes behind. This greatly increases the hole population, which allows us
to observe SML. As for the T5 values themselves, they are relatively low compared to 7 = 1.1 us
of AlAs/GaAs QDs [206]. However, hole-spin coherence times have not been reported previously
in telecom QDs. Therefore, this shows that multi-layer QD structures have potential for quantum
information applications. To gain better insight not only into 7% but also into other phenomena we

have observed in this paper, additional measurements and analyses are needed.

5.7 Conclusions

This layer-resolved study identifies how vertical stacking of MBE-grown telecom C-band QDs
impacts spin properties, revealing several phenomena that emerge with increasing layer count in
InAs/InAlGaAs QD configurations. The transition from electron-dominated to hole-dominated
resident carriers with increasing layers represents a fundamental shift in spin dynamics: single-
layer samples exhibit both electron and hole components, whereas two- and four-layer samples
show predominantly hole-like behavior due to electron tunneling to lower-energy dots in additional
layers. Four-layer structures exhibit distinctive inter-layer coupling effects, including an additional
non-oscillatory exponential-decay component that persists across all magnetic field angles, with
an unusual temperature dependence in which spin relaxation times increase rather than decrease
with temperature, attributed to indirect exciton effects. Also, the emergence of spin mode locking
that enables direct measurement of hole coherence times 75 ~ 13 ns. While transverse dephasing
times 75 remain relatively stable across layer counts (2.3-2.7 ns), they fall short of hyperfine-limited
theoretical values, suggesting additional dephasing mechanisms such as strain-induced quadrupolar
interactions. The reduction in longitudinal relaxation time 7} with increasing layers (from 0.9 us to
0.3 ps) highlights the trade-off between optical signal enhancement and spin-lifetime preservation.

Across all layer numbers studied, the results show that the relevant spin properties, carrier type,
and coherence behavior do not degrade (except 71) with increasing layer count. Instead, multilayer
stacks support hole spins with stable coherence characteristics, indicating that vertical coupling can
be used as a design parameter rather than a limitation. These findings demonstrate that multilayer

telecom QDs remain a viable platform for spin—photon schemes and guide engineering stacked
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structures where hole-spin coherence is the operative resource.
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33 Gbps source device independent
QRNG with real-time extraction

6.1 Preamble

This chapter reproduces the published manuscript on high-bandwidth quantum random number
generation based on heterodyne measurement of vacuum fluctuations with real-time randomness
extraction. The text, figures, and results are unchanged from the original paper. Only formatting,
notation consistency, and layout adjustments have been applied so that the chapter fits the overall
thesis style. The experimental measurements, data analysis, FPGA digital logic design, software
design and manuscript writing was done by me. Project conceptualization and initial setup was
done by A. Greilich. The source device-independent (SDI) theory was developed by H. Tebyanian.
Supervision, project management and manuscript editing was done by A. M. Fox, M. Assmann
and A. Greilich. The corresponding publication is:

M. Cizauskas, H. Tebyanian, A. M. Fox, M. Bayer, M. Assmann, A. Greilich, “33 Gbit/s
source-device-independent quantum random number generator based on heterodyne detection with

real-time FPGA-integrated extraction,” arXiv, 2512.07319, Dec. 2025 [3].
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6.2 Abstract

We present a high-speed continuous-variable QRNG based on heterodyne detection of vacuum
fluctuations. The scheme follows a SDI security model in which the entropy originates from quan-
tum measurement uncertainty and no model of the source is required; security depends only on the
trusted measurement device and the calibrated discretization, and thus remains valid even under
adversarial state preparation. The optical field is split by a 90° optical hybrid and measured by two
balanced photodiodes to obtain both quadratures of the vacuum state simultaneously. The analog
outputs are digitized using a dual-channel 12-bit analog-to-digital converter operating at a sam-
pling rate of 3.2 GS/s per channel, and processed in real time by an FPGA implementing Toeplitz
hashing for randomness extraction. The quantum-to-classical noise ratio was verified through cal-
ibrated power spectral density measurements and cross-checked in the time domain, confirming
vacuum-noise dominance within the 1.6 GHz detection bandwidth. After extraction, the system
achieves a sustained generation rate of Rne; = 33.92 Gbit/s of uniformly distributed random bits,
which pass all NIST and Dieharder statistical tests. The demonstrated platform provides a compact,
FPGA-based realization of a practical heterodyne continuous-variable source-independent QRNG

suitable for high-rate quantum communication and secure key distribution systems.

6.3 Introduction

Random numbers serve as fundamental building blocks across numerous fields, from Monte Carlo
simulations in scientific research [207] to quantum key distribution based cryptographic proto-
cols [208] of which the purpose is to provide unbreakable secure encrypted communication [209].
In cryptographic applications, the quality and unpredictability of random numbers directly deter-
mine the security of encryption schemes, since they are used in one-time pad encryption, where
the key length must match the message length and cannot be reused [208]. While classical random
number generators based on deterministic algorithms can satisfy many computational needs, they
fundamentally cannot provide the true unpredictability required for security-critical applications,
as their outputs are ultimately predictable given sufficient computational resources and knowledge
of the algorithm’s internal state [210].

Quantum mechanics offers a fundamental solution to this limitation through the intrinsic ran-

domness present in quantum measurements. QRNGs exploit the fundamental uncertainty princi-
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ple of quantum mechanics to produce truly unpredictable random numbers, providing a level of
security that classical systems cannot achieve. The measurement of quantum observables yields
outcomes that are fundamentally non-deterministic, even with complete knowledge of the quantum
state prior to measurement. There are several established QRNG methods, such as measuring single
photons going through a 50:50 beamsplitter [ | 1 6], measurements of laser phase fluctuations [211],
amplified spontaneous emission in fiber amplifiers [212], vacuum fluctuations [213, ] and etc.
QRNGs are further divided into two main categories. There are DV QRNGs, where the random
numbers are formed by quantum measurements that yield binary results, such as single-photon

measurements, and there are CV QRNGs, where continuous quantum mechanical properties are

measured.
Work (Year) Security Model Bit Rate Extraction Entropy Generation Method
Avesani et al. (2018) [131] Source-device- 17.42 Gbps Offline Heterodyne vacuum
independent noise measurements
Zheng et al. (2019) [214] Device-dependent 6 Gbps Online (FPGA) Homodyne vacuum
noise measurements
Bruynsteen et al. (2023) [120] Device-dependent 100 Gbps  Offline Homodyne vacuum
noise measurements
Bertapelle et al. (2023) [215]  Source-device- 20 Gbps Offline On-chip heterodyne
independent vacuum noise
Qiu et al. (2025) [216] Source-device- 347 Mbps  Online (FPGA) Fiber beamsplitter
independent statistics, device
imperfection tolerant
Cheng et al. (2024) [217] Semi-device- 580 Mbps  Offline Entropy from squeezed
independent light states
Zhang et al. (2025) [218] One-sided 7.06 Mbps  Offline Entropy from quantum
device-independent steering
Yang et al. (2025) [219] Device-dependent 156 Gbps  Offline Laser phase noise
Crampton et al. (2025) [220]  Device-dependent 2 Gbps Online (FPGA) Phase-diffusion in two
gain-switched lasers
This work Source-device- 33.92 Gbps Online (FPGA) Heterodyne vacuum
independent noise measurements

Table 6.1: Comparison of recent experimental QRNG demonstrations (2018-2025) focusing on
security assumptions, achieved random bit rate, extraction mode, and entropy estimation method.

The critical distinction between online and offline extraction is operationally significant: of-
fline schemes require intermediate data storage and batch post-processing, so the advertised rate
represents a peak throughput that cannot be sustained on demand. Online extraction, by contrast,
produces certified random bits continuously at line rate, enabling direct integration with high-speed
cryptographic applications. In recent times, QKD systems have been improving and are operating
in the GHz range [221, ]. With the increasing QKD operating frequency, higher bandwidth

QRNGs are needed to match the data transmission rates. There are already implementations show-
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ing bandwidths of more than a hundred Gbits/s [120, ]. However, these systems are not fully
secure. The sources or the measurement devices can be tampered, which reduces the quality of
QRNG, allowing for potential attacks [223]. There are DI QRNGs, which assume that both source
and measurement devices cannot be trusted and apply self-testing algorithms to ensure that the
QRNG cannot be tampered with. However, due to how complicated DI schemes are, the achiev-
able bandwidths range is only up to kbits/s [133]. A good trade-off is a SDI QRNG, where only
the measurement device is assumed to be completely trusted. There are already implementations
of SDI QRNGs with bandwidth rates in the 10-30 Gbits/s range [ 131, s ]. However, in those
cases, the processing is performed offline, making the effective bandwidth significantly lower.
Therefore, higher bandwidths can be achieved by performing the processing fully on FPGA.

In this paper, we present a SDI QRNG based on heterodyne measurements of vacuum fluc-
tuations, with acquisition, extraction and data transfer performed entirely on FPGA in real time.
While we adopt the SDI security framework established by [131], our security analysis extends it in
several respects necessary for real-time operation: explicit treatment of analog-to-digital converter
(ADC) clipping as trusted post-selection, conservative inflation factors for excess noise, temporal-
mode definition addressing sample correlations, and security composition including calibration
uncertainty. Together with the engineering implementation, this constitutes the first demonstration
of SDI-certified random number generation with online extraction exceeding 30 Gb/s. By using an
FPGA together with a dual-channel analog-to-digital converter (ADC12DJ5200RFEVM) operat-
ing at a sampling rate of f; = 3.2 GHz per channel (up to 5.2 GHz maximum), both heterodyne
detection channels are digitized in parallel to generate random numbers. A net extracted throughput
of Rpet = 33.92 Gbit/s is achieved on this set up. In the subsequent sections we cover the experi-

mental setup, including the FPGA implementation, the results of the QRNG and its statistical tests.

6.4 Experimental details

6.4.1 General Setup

The experimental setup, shown in Fig. 6.1, implements a heterodyne detection scheme for vacuum
fluctuation-based quantum random number generation. The system is built on a continuous-wave
laser source LPSC-1550-FC with CLD1010LP laser diode driver from Thorlabs operating at wave-

length A = 1550 nm with output powers up to 30 mW. The laser output serves as the LO. It passes
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Figure 6.1: Schematic diagram of the vacuum fluctuation-based quantum random number genera-
tor using heterodyne detection. The setup consists of a laser source followed by a variable optical
attenuator (VOA) for power control and stabilization. The laser output is mixed with vacuum fluc-
tuations in a 90° optical hybrid, which simultaneously measures both X and P quadratures of the
electromagnetic field. Each of the four hybrid outputs are individually controlled by electronically
variable optical attenuators (EVOAs) with electrical control inputs before being detected by bal-
anced photodiode detectors (BPD1 and BPD2). The analog electrical signals from both detectors
are first filtered by a low-pass and high-pass filters to filter out as much classical electrical noise as
possible and then digitized by a 2-channel ADC and processed in real-time by an FPGA connected
via an FPGA Mezzanine card (FMC) interface.

through a VOA EVOA1550A to precisely control the LO power and to ensure its stability. The
VOA is set to limit the detector-plane LO power to < 15 mW for the variance—slope calibration
range.

The LO is input to a 90° optical hybrid Optoplex model HB-COAFAS066 operating in the
telecom C-band. This device implements a 2x4 optical hybrid coupler that mixes the LO Er o with
the reference signal (vacuum in this case) E,,. from the environment to generate four quadratural
states in the complex-field space.

Each of the four hybrid outputs is individually controlled by EVOAs Thorlabs V1550A. These
devices enable real-time gain balancing which allows for 90° optical hybrid outputs to be properly
balanced. This ensures equal power distribution to maintain the quadrature measurement accuracy
and compensate for any asymmetries in the optical path.

The four EVOA outputs are paired and fed into two Thorlabs PDB480C-AC balanced pho-
todiodes (BPDs). Each BPD consists of a pair of matched photodiodes operated in differential
mode. The 90° optical hybrid routes the L.O and the signal (vacuum at the signal port) so that
ports (1,2) and (3,4) form two balanced pairs with a relative phase shift of 180° within each pair
and 90° between the two pairs. With the diodes in differential mode, these two balanced differ-

ences implement a simultaneous measurement of orthogonal quadratures (heterodyne). Denoting
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the differential voltages by A and B (for the two BPDs), we model

A=Vx = kyx P]Edoet)X + e x,
(6.1)
B=Vp = kp Péget) P + Ne, Py

where K x/p are responsivities [V/ VW], X, P are heterodyne quadrature outcomes with (X) =

(P) = 0 and Var(X) = Var(P) = 5, and n. x,p are electronics noises (V).

Hence the shot-noise slopes satisfy

2 2
= = = —. 6.2
mx 5 mp 5 (6.2)

Consequently, the variances scale linearly with LO power,

Var(A) = mXp]Edoet) + UéX,

(6.3)

Var(B) = mpP&V + 02 p,

where az, ¥ 037 p are the classical electronics noise variances (amplifier thermal noise, photo-
diode dark current, ADC quantization), measured with the [.O blocked. These correspond to the
intercepts cx = aa yand cp = 037 p in the slope—offset calibration of Sec. 6.4.2.

The analog electrical signals from both BPDs, representing the X and P quadratures, first go
through a ZX60-P105LN+ 15 dB amplifier to ensure that most of the ADC input range is covered,
then they go through a series connected low-pass filter (LPF) and high-pass filter (HPF). The LPF
is a SLP-1650+ with a bandwidth of DC-1650 MHz and the HPF is a SHP-200+ with a bandwidth
of 185-3000 MHz, yielding an effective bandpass filter with a bandwidth of 185-1650 MHz. The
upper limit was chosen at 1650 MHz since the diodes have a bandwidth of up to 1600 MHz and
the sampling rate is 3.2 GHz, which puts the bandwidth slightly outside the Nyquist frequency; the
LPF nominal passband is DC-1400 MHz with a -3 dB point at 1650 MHz. The lower bound was
chosen at 185 MHz to reduce the classical lower frequency noise originating in the diodes. Lastly,
the diode outputs are digitized by a 2-channel ADC ADC12DJ5200RFEVM with a sampling rate
of fs = 3.2 GHz set for both channels and a resolution of 12 bits. The digitized quadrature data
streams are transmitted to a FPGA Virtex Ultrascale+ VCU118 development board via a high-

speed FMC interface. The FPGA implements a real-time randomness extraction algorithm via

Toeplitz hashing to generate provably random bit sequences from the quantum vacuum fluctuations
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by flattening the Gaussian distribution of the data.

6.4.2 Randomness Generation and Extraction

Security model

We model the QRNG as a prepare—measure protocol on n.g temporal modes A™ff impinging on a
trusted receiver. The optical input is treated as fully untrusted: an adversary may prepare an arbi-
trary joint state p anerr i Of the incoming modes and a quantum memory F, allowing arbitrary entan-
glement and arbitrary inter-round correlations. The receiver is trusted and fixed prior to acquisition:
the 90° hybrid, balanced detection, analogue front-end, ADC digitisation, the discretisation map
(binning and the clipping rule), and the extractor circuit are treated as trusted. The Toeplitz seed is
assumed uniform and independent of the measured data; Toeplitz hashing is a strong (universals)
extractor.

In the SDI setting adopted here, security is enforced by the trusted receiver measurement rather
than by a model of the optical source. The trusted receiver implements a discretised heterodyne
POVM { M, } whose elements are determined by the calibrated discretisation in phase space; the
resulting entropy bound depends only on these trusted bin regions through operator-norm bounds
on || M ||oc.

Minimum entropy quantifies the worst-case unpredictability of a random variable in the pres-

ence of an adversary. For a random variable X with probability distribution p(x),
Hpin(X) = —logy (m;lxp(x)). (6.4)

In QRNG security we use the smooth conditional min-entropy H:,

(-|E') where E denotes adver-
sary’s (quantum) side information; we write H for classical protocol history when needed. Let
Z denote the discretised heterodyne outcome (ADC bin index). For a classical outcome Z cor-

related with quantum side information E, the (non-smooth) conditional min-entropy is defined

operationally by the adversary’s optimal guessing probability

Hmin(Z‘E) = — 10g2 Pguess(Z|E),
(6.5)
Pguess(Z|E) = ?gviz Tr[(Mz & EZ)PAE] ,
oz

where {M,} is the trusted positive operator valued measurement (POVM) implemented on the
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Figure 6.2: The pipelined Toeplitz extraction scheme. The scheme consists of separate pipeline
stages. The dashed arrows indicate binary signals, the normal lines indicate the flow of the program
and the bold, larger lines indicate flow of data. The square blocks represent operations and the
diamond blocks represent conditionals.

optical mode and { E, } is an arbitrary POVM on E. Defining
¢ = mzax||MZHOO, (6.6)
the inequality M, < || M,]||sI < cIimplies, for any pag,

> Tr[(M. ® E:)pap) < Tr

(c]I ® Z EZ> PAE] =c, (6.7)

and hence Pyess(Z|E) < c and Hyin(Z|E) > —log, c. For discretised heterodyne, Lemma |
bounds || M, || in terms of the trusted bin area, yielding the state-independent bound used below.

Smooth conditional min-entropy evaluates non-smooth entropies on the optimal state within
an e-neighbourhood of the measured state, where € is the security parameter, while the per-round

heterodyne discretization bound is state-independent and holds unsmoothed [131]:

Hopin(X|E) > — log, <min{5§§’, 1}), (6.8)

The heterodyne POVM is II(a) = |a){a|/m, s0 Qp(a) = (a|p|e)/m and sup, Q, = 1/
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With Var(X) = Var(P) = § we have a = (X + iP)/v/2 and d?a = dX dP/2. If the ADC
defines rectangles { R, } of area 0’y 0 in (X, P), then Areay(Ryny) = 0% 0%/2. Hence (using
d’a = dX dP /2 for vacuum units Var(X) = Var(P) = 1/2)

P i=max | Qyfa)d*a < min{ 5% 1}, 6.9)

and

Bn = —logs (min{ 522, 1}). (6.10)

For any (possibly adversarial) preparation and any past transcript,

max Pr [(X, P) € Ry, |history,5] < min{ 6,"5;3, 1}, (6.11)

mn 2

and thus hr(nli)n > —log, (min{ 6/’5;{3’, 1}) holds per round without independent and identically

distributed (I1D) assumptions and is adaptivity-robust.

Lemma 1. Let Mr = [, ]a)(c/] dQTa be the heterodyne POVM element for a measurable bin R C
C. Then
|Mplloo < min{ 22 11, (6.12)

™

Proof. For any unit vector [¢), (| Mg|y) = [ Qy() d®a with Qy(a) = [(¥]a)*/7 < 1/,
hence ()| Mg|¢)) < Area(R)/m. Completeness of the POVM gives [ |ov)(cl dQT‘“ =1ILso0 <

Mp <Tand ||Mg| s < 1. Taking the tighter of the two bounds yields the stated minimum.  [J

Boundary (rail-adjacent but non-clipped) bins are treated as truncated rectangles with their ac-
tual areaused in (6.9). ADC clipping codes result from voltages outside the input range [—V;p/2, Vpp/2]
of the ADC. They correspond to semi-infinite regions and are excluded. Dropping clips is a post-
selection on the event . := {no clip} determined solely by the trusted ADC range. For security
we upper bound the rejection probability by a conservative value fé{‘li‘)" fixed by the trusted ADC

range and operating point (with any estimation uncertainty absorbed into (), so that Pr[Q,c.] >

1-— féﬂi‘)". Consequently, the single-round bound for the post-selected data becomes

1 . 5.8
hr(ni)n,no clip > - 10g2 (mln{ ﬁf’ilip)’ 1}) . (6.13)
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and the extraction length obeys

¢ < nyaid h(l)

min, no clip

1
— 2logy —,
€PA (6.14)

Nyalid = n(l - fclip>7

where n is the total number of rounds entering extraction.

Calibration and vacuum-unit resolutions

The bound depends only on the discretization induced by the apparatus. We determine the raw
resolutions dx,p and the conservative resolutions o /P from a slope—offset calibration and the
ADC’s effective code width as follows.

0"2/7)((PLO) = mXPLO + cx,
(6.15)

012/7P(PLO) =mpPo + cp,

with my p in V2/W and cx sp = 0in V2. To exclude LO relative-intensity-noise leakage due to

residual imbalance, we fit

ot x(PLo) = mxPLo + cx + nx Plo, 6.16)

ot p(PLo) = mpPLo + cp + npPlo,

and test 1)x ,p = 0 via lack-of-fit. We found Inx / PlPLO max K My ,p Within the calibration range;
thus linear shot-noise slopes are valid. If  # 0, its effect is absorbed by increasing vx,p in (6.22).
Here cx = o2 x and cp = 07 p, consistent with the detector model in (6.1). Since Var(X) =

Var(P) = % for vacuum, the conversion factors to vacuum units are:

ax =\ 2mx P ap = \/2mpP%Y, (6.17)

here PL(?;O denotes the per-BPD 1.O power at the photodiodes after the 90° hybrid and EVOA
balancing (i.e., the sum incident on the two diodes of a given BPD). All power readings used in

(6.17) are taken at this plane. We define per-sample vacuum-unit coordinates by
X = —, P:=— (6.18)

so that for vacuum Var(X' ) = Var(P) = % With ADC peak-to-peak range Vp,, = 0.5V after the
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analog front end, define the effective code width

Vop

9 MENOB ’

AVer = (6.19)

where ngnog = 10.2 (X channel) and 10.3 (P channel) is the measured effective number of bits
of the ADC (sine-wave histogram method, averaged over 185-1600 MHz). Datasheet effective

number of bits (ENOB) variation is absorbed into 3. The raw resolutions are

A 5p— AVesr
ax ’ P ap '

ox (6.20)

Let 03( and 0123 denote the measured quadrature variances expressed in vacuum units after applying

the gains arx,p from (6.17). To conservatively include excess noise or calibration uncertainty,

define
= max{l,\/ag(/(l/Q)}, oo
p = max {1,1/0%/(1/2)},
0% =7x0x,  0p="pdp. (6.22)

More generally, the single-shot bound reduction is log, (yxyp). With the measured (0%, 0%), the
single-shot penalty is
AR =logy(vx7p)
min 082\ 7X 7P
= 1 logy(max{1, 203(}) + 3 log,(max{1, 203}). (6.23)

For (0%,0%) = (0.616,0.647) this gives ALY~ 0.336 bits/round. In the symmetric case

min
0% = 0% = (1 + &), where ¢ is the relative excess noise above the vacuum variance, one has
vx = vp = /1 + ¢ and the reduction equals log,(1 + &). The guard v > 1 prevents artificial
entropy gain if 02 < 1/2 due to calibration uncertainty. Imperfections in the 90° optical hybrid and
detection chain (non-ideal phase shift, unequal splitting ratios, detector gain mismatch) can induce
correlation between the X and P quadratures. We measured the raw cross-quadrature correlation to
be [pxp| = 0.012 £ 0.004 at zero lag. To verify no correlation structure exists at nonzero delays,
we computed the full cross-correlation function as a function of sample lag (Fig. 6.8); the cross-

correlation remains below 102 at all measured delays, confirming that coupling is confined to the

zero-lag term and does not introduce temporal structure.
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This correlation does not compromise the security bound. The per-round bound ppax < ¢'0%/(27)
derives from the operator norm of the POVM element (Lemma 1), which depends only on the bin
area in phase space, not on the correlation structure of the input state. An adversary could prepare
an arbitrarily correlated state, and the bound would still hold because it is a property of the trusted
measurement, not the source. At our measured |px p| = 0.012, a hypothetical correlation penalty
would be Ahcorr = —% logy(1 — p%( p) < 10~* bits/round, which is negligible. No decorrelation
step is required.

We propagate uncertainties in (mx, p, ¢x /p, Vpp, nENOB) to (', 0) and to B by first-order

min
error propagation; error bars for ¢y /P and the net rate include these calibration contributions.

Parallel Block 1 L
Repeats

ADC data ! - femety N
256-bit link 0|  Transport Ny, bits/s + H H Parallel Block
Layer " 9| Buffer |- Extraction [—> FIFO — Ng

N samples :)D, : A N N I A B
JESD204C from CH1 and “Tsan Read ' : I Buffer full, ? er full, '
Output N from CH2 |Packed ADC  cpain enable [ R et | read enable enal '

256-bitlinkd | Cocieed to data
71 480-bits

FIFO empty 1
Parallel Block o H
2

v

AX14S
tput
FIFOsnotl_) Aggregate 3>
U empy?

Figure 6.3: The overall schematic of the FPGA design. All parallel blocks contain the same func-
tions and I/O, only the first block is fully drawn to make the diagram more compact. The dashed
arrows indicate binary signals, the normal lines indicate the flow of the program and the bold, larger
lines indicate flow of data.

The security proof relies on the fact that for any quantum state, the Husimi function Q,(q +ip)
is upper bounded by 1/7. This fundamental quantum mechanical constraint ensures that even if
an adversary prepares an optimal quantum state to maximize their guessing probability, the con-
ditional min-entropy remains bounded by the measurement resolution alone [131]. This bound
is independent of the actual quantum state prepared by the potentially malicious source, provid-
ing information-theoretic security guarantees. Practical implementations must account for device
imperfections that can compromise this security. Imbalanced heterodyne detection, arising from
non-ideal beam splitter ratios or photodiode efficiency mismatches, introduces local oscillator fluc-
tuation that contributes excess noise. Under imbalanced conditions, I.O fluctuation cannot be elim-
inated and affects the calibration of vacuum fluctuations [226]. Without proper consideration of
these fluctuations, the extractable randomness can be overestimated, creating security vulnerabil-
ities. For this reason, we use additional EVOAs at the 90° optical hybrid, since it does not show
perfect 50:50 splitting ratio.

As mentioned before, upon initial measurements of this system, the resulting distribution is

Gaussian, which makes it easier to predict the generated random numbers. For this reason, a
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randomness extractor has to be used to flatten the distribution and extract the QRING which is
mixed with classical noise sources. One of the more commonly used extractors is Toeplitz hash-
ing [213, s , R , ], belonging to universaly family and hence a strong extrac-
tor [228, 229]: for a public, uniform, independent seed S, (S,Ext(Z",S)) =~ (S, Uj).

We reuse the same public seed S across all parallel output blocks within one extractor in-
vocation; Toeplitz hashing is a strong (universaly) extractor, and our single-round heterodyne
min-entropy bound is independent of S and the classical transcript. Hence, by a hybrid/triangle-

inequality argument applied block by block, the joint trace distance satisfies

| (S, Ext(Z(3y, 9), - -, Ext(Z(}), S), E)—
B (6.24)

(S. Uty Urgu B < 3 (59 + W)
=1

where 5@ is the smoothing error of a block and effg is the privacy amplification error of a block.

In this way we allocate (Egi) , 5@2) so that the sum over blocks equals the advertised egec.

The two 12-bit ADC codes are concatenated into a single 24-bit symbol D; := (X;||FP;) at
each sampling instant. This concatenation is mandated by the security model: the heterodyne
POVM II(«r) = |a)(c|/7 is a joint measurement on 2D phase space that cannot be factored into
independent marginal measurements. The min-entropy bound (Eq. 6.10) certifies entropy of the
pair (X, P) via the joint bin area; treating the quadratures as separate streams would require a
different security analysis based on marginal distributions rather than the joint Husimi bound.

The heterodyne bound is state- and history-independent: for every retained round ¢ < neg and

any classical transcript H,

P < min{ %% 11, (6.25)

Because the trusted device applies the same per-round POVM {M,} to each temporal mode

and does not adapt to H, one has for any cq state with arbitrary inter-round correlations

1

HE3, (20| B, H) > nert high,
. (6.26)
h = — log, (mm{ S }> ‘

where neg is the number of temporal modes on which the trusted POVM {M, } acts identically.
We report integrated autocorrelation time i as a diagnostic of classical correlations in the

sampled voltage stream. A conservative way to enforce approximate factorization is to define
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rounds on a decimated stream with spacing D samples (e.g. D > [7in]), leading to neg = n/D
and an effective sampling rate fs(eff) = fs/D. In our reported security analysis and rates, we in-
stead apply a fixed unit-Jacobian orthonormal transform on blocks before discretization, so that
the n samples are mapped to n orthonormal temporal modes measured by the same POVM {M, };
in this case we take nesr = n and fs(eff) = fs, and Ty is used purely as a diagnostic check that
residual correlations after extraction are within statistical error. The analog front-end and sam-
pling chain are trusted and absorbed into the calibration that defines 0", /P After enforcing factor-
ization as above, the product-POVM structure holds on the retained temporal modes and we use
Huin( 27| E) > gt higgh.

We separate the secrecy parameter from statistical-estimation error, thus we define
Esec = Es+epa + 0, (6.27)

where (8 upper-bounds the probability that calibration parameters deviate outside their quoted con-

fidence intervals. Privacy amplification obeys

1
¢ < H: (Z""|E) — 2logy —. (6.28)
EPA

Here E denotes adversarial (quantum) side information. Since H:3

min

(/B) > Huin(|E) for any
es € [0, 1), our unsmoothed lower bound Huin(Z"™|E) > N hfnli)n also lower-bounds the smoothed
quantity used in privacy amplification.

Here (3 upper-bounds the probability that the calibration parameters (m x /P> Cx /P> AVet, nENOB)
deviate outside their quoted confidence intervals; it is set via conservative concentration bounds for
the variance fits and datasheet limits. We sete; = cpy = 8 = 264, yielding ggec = 3- 2764 If the
data are output in Ny extractor invocations (fresh or reused public seed), we allocate per-block

parameters (£5/ Ny, €pa/Noik, 3/ Noik) so that a union bound guarantees the advertised global

bound on ggec.

6.4.3 FPGA Implementation

The FPGA receives 20 samples for each channel per 160 MHz clock cycle, or 480-bits of data,
over 16 JESD204C data lanes. This results in a total data rate of 76.8 Gbps at 3.2 GHz sample rate
and 2-channel acquisition. Therefore, both pipelining and parallelization were applied to ensure

that the data is processed in real-time. Fig. 6.2 shows how the Toeplitz extraction scheme was
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implemented. In the figure shown, there are 5 pipelines stages, however, there is an additional
initial stage for buffering ADC input, which is covered in further text.

Once there is data available in the input buffer, the pipeline starts with the Toeplitz generation
stage. It can be seen that there is an OR gate for two signals, one which is triggered when Toeplitz
extraction is done and another called Toeplitz init, which is only set when the FPGA is reset, so as to
ensure proper Toeplitz matrix initialization on FPGA power on. If one of these signals is triggered,
the initial Toeplitz vector signal 7" is set from the independently generated seed. When neither of
the two aforementioned signals is triggered, it indicates that Toeplitz extraction is running, therefore
T is shifted to the right by the combined bit-depth b. The right shift is needed because a block of
the Toeplitz matrix 7’5 is taken in the next pipeline data loading stage. A total of j + b bits are
taken for a block, which effectively corresponds to b columns of the Toeplitz matrix, since, if the
column size is j, the next column can be formed by 75 (j + 1 : 1) (I'z here denotes a block of the
Toeplitz matrix). When T is shifted to the right by b, it results in taking further b columns of the
Toeplitz matrix. In the same block, the b-bit ADC word D; is taken every cycle from the buffer D.

Following is the multiplication stage, where first, the multiplication is done for the block of
Toeplitz matrix, which is then stored in an intermediate two-dimensional vector Ug. As mentioned
before, the numbers in the matrices are in binary, therefore mod 2 arithmetic applies. Therefore, the
multiplication is calculated by applying AND bitwise operation on a single column of the Toeplitz
matrix by a single bit of the ADC data D;. This operation is done over a range of 0 to b — 1 so as
to multiply all b columns in the same cycle. Afterwards, a XOR reduction is done on Ug, which
corresponds to the b-column multiplication sum, and is stored in U. After this, U goes to the XOR
accumulation stage, where each clock cycle U is accumulated in the final result vector Z. This is
done ki, /b times, until the ADC input buffer is fully processed. In this stage there are also two
conditions: 7 > ki, /b — 1 is used to signal when Z is fully accumulated and it can be output, and
i@ > Kin/b — Nitages — 1, Where Ngges is the number of stages between the Toeplitz generation and
accumulation stages (in this case 3), which is necessary to ensure timely initialization of 7', since
the Toeplitz generation stage operates ahead of the accumulation stage due to pipelining created
latency.

When the i > ki, /b — 1 condition is satisfied, the output stage is started, where firstly Z is
captured to Zcapure to ensure that the extracted value is not overridden by further calculations in
the pipeline. The data is output in pieces of b bits for j /b cycles by shifting Zyy, to the right by b.

Lastly, it should be mentioned that between all these stages there’s a single clock cycle latency and
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that initially all stages are inactive until the first Toeplitz stage becomes active.

Fig. 6.2 shows only the extraction diagram of a single block. If fapc is the ADC sampling
frequency (per channel), the total input rate is b fapc bits/s, where b = 2napc = 24 bits/round.
The FPGA receives Ng samples per cycle per channel, so the reference clock is fref = fapc/Ns.
A single block processes b bits per clock cycle, i.e., b frf bits/s. Thus the number of parallel blocks
required for full throughput is Ng = bg]’}% = Ns. In our setup Ng = 20, so 20 blocks are used to
extract randomness in real time.

Fig. 6.3 shows the full implementation of the FPGA design. Starting on the left, there is the
JESD204C protocol output of the ADC, which goes into the transport layer, where first JESD204C
lanes are appropriately mapped, then samples are extracted from the frames and finally the values
are packed into 480-bit AXI4 Stream buses, where both CH1 and CH2 samples are interleaved in
24-bit words. This data is then sent to all the extraction blocks. All the blocks are interconnected
by the buffering logic. The buffer is an additional pipeline stage part of the extraction schematic
shown in Fig. 6.2. It consists of additional logic that ensures that the right amount of data is being
read and to allow for proper operation with other parallel extraction blocks. More specifically, the
buffer block additionally has a read enable input and a buffer full output. The buffer does not take
any data until read enable is asserted and the buffer full output is asserted when the buffer is filled.

Such a design allows for daisy chaining the blocks and allow them to work in parallel. As seen
in Fig. 6.3 the read enables and the buffer full signals are chained together, with the exception of
the first block, where there is an OR gate to the input of read enable. Initially, all of the blocks are
inactive. Once ADC data becomes valid, the start chain signal connected to the OR gate of the first
block read enable is asserted, which starts the ADC sample collection in the first block’s buffer.
Once the buffer is full, the buffer full signal is asserted and the collection starts in the second block
and continues until the last block, where the buffer full signal is fed back to the first one, repeating
the chain again. Finally, after extraction, the random bits are sent into a first in - first out (FIFO).
The FIFO empty signals from each block are checked and when the condition of all FIFOs not
being empty is satisfied, the FIFO outputs are read and are collated into a single vector signal.

To realize the full potential of the high bandwidth QRNG, the extracted data is sent over x16
PClIe to a computer. The PCle interface on the FPGA runs with a clock speed of 250 MHz and
512-bit depth. To ensure proper clock domain crossing (CDC), the QRNG data first goes into an
asynchronous FIFO, from which the PCle interface reads. PCle on the FPGA is handled by the

XDMA 1P provided by AMD. The computer that the FPGA is connected to runs Linux and uses
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the AMD provided XDMA driver to stream the data from the FPGA to the computer over an AXI4
Stream interface. There is an additional, not shown channel of the PCle used to also transfer the
raw, unextracted data to the computer. It is used both for security analysis and for monitoring
the system during operation. The full implementation was successfully placed and routed without
any timing issues. The used resources for a Toeplitz extraction for j = 1272, k = 2880 and 20
parallel blocks can be seen in Table 6.2. The most significant usage is seen in the look-up tables
(LUTs), which is expected, since even though the operations are not applied on a full matrix, the
vector widths are still relatively large and therefore a lot of LUTs are needed to perform the bitwise
operations over 20 independent extraction blocks. The matrix size could be slightly increased,
however, at higher resource usage values the design has higher likelihood to fail implementation,
since when usage is over 75 %, congestion becomes an issue, making the placement and routing of

logic challenging [230].

Resource Used | Available | Utilization (%)
LUT 596422 | 1182240 50.4
LUTRAM 12697 591840 2.1
FF 329457 | 2364480 13.9
BRAM 197 2160 9.1
DSP 20 6840 0.3
10 24 832 2.9
GT 32 52 61.5
BUFG 25 1800 1.4
MMCM 1 30 3.3
PCle 1 6 16.7

Table 6.2: FPGA resource utilization for j = 1272 and ki, = 2880 Toeplitz matrix extraction
algorithm with 20 parallel blocks.

6.5 Results and Discussion

Security Analysis

The SDI security of our QRNG derives from the measurement-device characterization, not from
statistical properties of the output. Specifically, the per-round min-entropy bound (Eq. 6.10) follows
from the operator norm of heterodyne POVM elements (Lemma 1), which holds for any input
state—including states prepared adversarially to maximize the guessing probability. The security-
critical parameters are therefore the calibrated bin dimensions d’, §> and the privacy amplification

composition egec = €5+cpa+ . In Fig. 6.4 we show the power spectral density (PSD) of both ADC
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channels when measuring with LO and without LO. The results are similar to other heterodyne
and homodyne set-ups, where we see an .O-induced noise-power increase of ~ 7.5 dB (X) and
~ 6.5dB (P)[214, , 231], indicating that quantum noise is present, not only the classical noise.

In particular,
(det)

P,
At(i;() =10 10g10 (mX LO i CX) ’

Cx
(6.29)
(det)
P
Al = g (M50
P

which follow from (6.15). Withmx = 2.41x107! V2/W, cx = 4.35x1074 V2, mp = 2.33x1071 V2 /W,
cp = 5.60x1074V2, and P& — 8 4mW,

AX ~752dB, Al ~6.52dB. (6.30)

One difference compared to the other references is the dip in intensity we see below 0.2 GHz, which
is caused by the HPF we have added which has a bandwidth of 185 to 3000 MHz. The resulting
filter band (185-1650 MHz) lies only slightly outside of Nyquist frequency for f; = 3.2GHz
(fs/2 = 1.6 GHz), so residual aliasing into the analysis region is negligible. Another inconsistency
is the observation of spikes in the spectrum. The spikes at the highest frequency are related to
spurious codes of the ADC at f,/2. The spikes at lower frequencies are related to electromagnetic
interference resulting from surrounding electronics because they can be seen with LO off or on,
indicating that their source is not related to the optics. These spikes are narrow in bandwidth and
do not impact the security after extraction.

As a consistency check, we integrate the PSD difference (LO on minus L.O off) over the anal-
ysis band (185-1600 MHz) to obtain the quantum-to-classical noise ratio (QCNR), reported with
uncertainty. This cross-check is consistent with the slope-based calibration used for §" /P and is
not used directly in the entropy bound.

PSD estimates were obtained using a one-sided periodogram with a Hann window (equivalent
noise bandwidth, ENBW = 1.5 Af). The fast Fast Fourier Transform (FFT) length was set to
N = 220, with a sampling rate of f; = 3.2 GS/s, resulting in a frequency bin widthof A f = f,/N.
Each spectrum was averaged over M = 64 blocks, and the error is £1.96/ /M confidence interval
on the dB scale, which is not shown due to being negligibly small.

To further characterize the QRNG, we measure the Husimi () function and the variance depen-

dence on LO power. With the vacuum-unit axes from Egs. (6.15)—(6.22), the 2D histogram H,,,,

111



6.5. RESULTS AND DISCUSSION

< —807

T

~—

£

S —100]

) —— LO off

D

O 190- —— LOon

o

s QCNR band
,:ET —801

~—

£

aa)

L —1001

%

o 190 —— LO off
= — LOon
O

000 025 050 075 1.00 125 150
Frequency (GHz)

Figure 6.4: PSD of both ADC channels that are connected to the balanced diodes. The blue curve
corresponds to no laser power and the orange curve to a local-oscillator power of 8.4 mW. The
gray colored area shows over which range the PSD is integrated for QCNR.
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over bin area ¢’ 0’ is converted via

~ 2Hu, S OO
Qo= st %an =5r =1 (6.31)
0.00251 myx = (2.41 £0.0207) x 1071 V2/W 3
cx = (4.35£0.100) x 1074V? o
o
0.00201 mp = (2.33 £0.0204) x 1071 V2/W -5~
& cp = (5.60 4 0.0987) x 1074V2 e
2
/.,/
g 0.0015- o
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Figure 6.5: The dependence of both quadrature measured signal variance on the local oscillator
laser power.

The calibration curve is shown in Fig. 6.5. The resulting fit values are:

mx = (2.41 & 0.0207)x 10~ VZ/W (95% CI),
cx = (4.35 4 0.100) x 1074 V2 (95% CI),
mp = (2.33 +0.0204) x10~! V2 /W (95% CI),

cp = (5.60 & 0.0987) x10~* V2 (95% CI)

At the operating LO power PL(doet) = 8.4 mW we obtain dimensionless vacuum-unit variances

(e.g., 03( ~ (0.616, O'2P ~ (0.647) and the conservative resolutions
8 = 0.0300 and d% = 0.0319 (6.32)

(with uncertainties), computed via Egs. (6.17)—(6.22). These resolutions are then used to convert
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the voltage histogram to the phase-space representation shown in Fig. 6.6. From these resolutions,

10, = —toga (min{ %522, 1))

o (6.33)
—1 ( ) ~ 12.681 bits/round.
220.0300 x 0.0319 ffroun
For negr = kin /b = 2880/24 = 120 rounds per block, this gives
Huin(Z"|E) > 1521 bits/block. (6.34)
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Figure 6.6: Husimi—Q distribution in quadrature space: horizontal axis shows the in-phase quadra-
ture X and vertical axis the orthogonal quadrature P. The color scale encodes the normalized prob-
ability per pixel.

We verified that the empirical bin frequencies f,,, satisfy f, < min{é’XéjD /(27), 1} + A
with high confidence, using a multiplicative Chernoff bound at significance & = 1076 together
with a union bound over all bins (1, n); violations signal a calibration error in (ax/p, 0y / p)-

Several discrepancies can be seen compared to Ref. [131]. Firstly, we show an increased vari-

ance value in vacuum units. The most likely reason is the difference in set-ups. Ref. [131] imme-
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diately measures the quadrature signals from the diode with an oscilloscope that has a low enough
measurement range to capture the low diode voltages. In our case, the lowest voltage that can be
measured with the ADC without measurement quality deterioration is 0.5 V peak-to-peak (from
-0.25 to 0.25 V), therefore, we have used an amplifier, which may have different noise characteris-
tics, potentially causing an increase in the noise.

The second difference is that in our case the power dependencies of both quadratures do not
completely overlap. This is also related to the difference in set-ups. Together with amplifiers we
used hardware filters to reduce the complexity of the FPGA implementation. While the components
models were the same between the two quadratures, there can still be variations between the same
devices in insertion loss, gain, and other characteristics that can cause a reduction in the signal. To
increase the overlap, we used the EVOA s before the photodiodes to reduce the power of one of the
quadratures.

With the power calibration complete, we obtain Hy,, > 1521 per block; we extract £ = 1272
bits per block, i.e. (¢/kin) =~ 0.442, using a 1272 x 2880 Toeplitz matrix. The next step is to confirm
whether the Toeplitz extraction algorithm is flattening the distribution seen in Fig. 6.6. This can
be partially done by looking at the autocorrelation of the numbers before and after extraction,
which is shown in Fig. 6.7. The gap between the min-entropy bound (1521 bits) and extracted
length (1272 bits) is deliberate. The leftover hash lemma requires a privacy amplification penalty
of 21og,(1/epa) = 128 bits for epa = 2754, yielding a theoretical maximum of 1393 bits. We
extract £ = 1272 = 24 x 53 bits, which aligns with the 24-bit word boundaries required by the
parallel FPGA pipeline. The remaining 121-bit margin provides robustness against calibration drift
during continuous operation.

The net extracted bit rate is

14

Rpet = — fC0), (6.35)
Teff

where ne¢r is the number of retained rounds after enforcing factorization (by fixed-ratio decimation

or an invertible whitener). For decimation by D, neg = n/D and fs(eff) = fs/D; for an orthonor-
mal (unit-Jacobian) transform neg = n and fs(eff) = fs. Clipped samples are dropped, so negr

already counts valid rounds and no separate A, term is needed. The measured clipping fraction
at the operating point is fe;p = 2.3 X 10~° (95% confidence interval (CI)).
There is a clear correlation observed in the random data before extraction, which is also seen

in other QRNGs [131, , ]. It is caused partially by noise introduced by the sampling de-
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Figure 6.7: Autocorrelation comparison between (a) raw quadrature data and (b) extracted random
bits. Panel (a) shows significant positive correlation at short lags, decaying over ~3 samples consis-
tent with the band-limited detection bandwidth (7. ~ 1/A f). Panel (b) shows residual correlations
after Toeplitz extraction at the 10~% level, indistinguishable from statistical noise, confirming suc-
cessful removal of correlated structure. This comparison serves as a diagnostic verifying that the
extractor operates as designed. Lag axis is in units of 103 samples; optical power 8.4 mW; 107
samples used.
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vice [131], however, the most significant contributor in this case is the sample rate related to the
filtering that we apply. Band-limitation induces temporal correlations. We estimate the normalized
autocorrelation function (ACF) p(k) and define the integrated autocorrelation time

K*

Tint i= max{l, 1+ QZp(k:)}, 636)
k=1 .

K*=min{k > 1: |p(k)| < 2/+/Nsamp}-

In our data we obtain

Tint = 2.68 £ 0.00011 (95% CI),

using B = 10* bootstrap resamples with block length /5 = 10° to keep the calculation time
reasonable. Nyquist-rate sampling (f; = 2A f) prevents aliasing but does not yield independent
samples; approximate independence would require fs < A f, reducing throughput by at least half.
We instead sample at f; = 3.2 GS/s and let the extractor compression ratio ¢/ki, ~ 0.44 absorb
the correlation structure. This is consistent with the security model: the per-round bound derives
from the glsPOVM operator norm (Lemma 1), which holds for any input state including states

(1)

correlated with previous rounds. The accumulation Hpyin(Z"|E) > n - hy, requires only that the
trusted measurement applies identical non-adaptive POV Ms, a condition satisfied by fixed ADC
discretization regardless of temporal correlations. The quantity i, thus serves as a diagnostic con-
firming the analog chain behaves as characterized, not as an input to the min-entropy bound. After
extraction, residual autocorrelations are consistent with statistical fluctuations (we do not reduce
the security bound by 7, since it can be minimized by decimating the sampling frequency). We in-
spected higher-order autocorrelations (Ljung—Box) up to a fixed lag window, finding no statistically
significant residual structure at the 95% level. The experimental cross-quadrature correlation was
loxp| = 0.012 £ 0.004, consistent with the negligible correlation penalty reported in Section II.

This completes the security-relevant calibration; the min-entropy bound and extraction parameters

are now fully determined.

Statistical Diagnostics

The following tests serve as implementation diagnostics to verify that the hardware operates as
modeled. We emphasize that statistical tests are necessary but not sufficient for security: a deter-
ministic pseudorandom number generator with sufficient state size will pass all such tests while

possessing zero min-entropy against an adversary who knows the algorithm. The security of our
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QRNG is established by the calibration and min-entropy analysis of Section 6.5, not by the tests
below.

We additionally inspected cross-correlation between X and P quadratures of the raw data to
confirm there is no correlation introduced by the ADC sampling or the electrical filtering. The
correlation computation was performed in the same method as for autocorrelation. The result can

be seen in Fig. 6.8, which shows that the cross-correlation between X and P is negligible.
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Figure 6.8: Cross-correlation between X and P quadratures of the raw data. The autocorrelation
and lag is applied in terms of 1000 12-bit samples. The optical power is 8.4 mW. A total of 10”
samples were taken for calculation.

Statistical quality of the generated random numbers was evaluated using both the GNU Dieharder
suite [233] and the NIST SP 800-22 Statistical Test Suite [| | |]. For Dieharder, all available tests
were executed on binary input files of size 16 GB, with the generator set to file input and the analy-
sis configured to apply the Kolmogorov—Smirnov test with two rejections for failure determination
and full reporting of p-values. We also sorted the resulting p-values from the Dieharder tests and
plotted them on a Q-Q plot. For the NIST tests, we run it configured to do 1000 iterations with
100 p-values per iteration, using sequences of 1,000,000 bits each. The results from the tests are
shown in Fig. 6.9. As can be seen, the NIST tests are all passing and the dieharder test p-values
are all uniformly distributed along the diagonal reference line, indicating that no patterns were de-
tected. These tests confirm that no obvious implementation defects (stuck bits, periodic patterns,
unexpected correlations from the analog chain) are present. However, passing statistical tests does
not establish security—the information-theoretic guarantees derive solely from the SDI framework

and calibration analysis of Section 6.5.
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Figure 6.9: Statistical test results for quantum random number generator output. (a) NIST Statistical
Test Suite results showing p-values for individual randomness tests on a logarithmic scale. The
dashed red line indicates the significance threshold (o« = 0.01). Tests with single occurrences show
individual p-values, while tests with multiple instances show Kolmogorov-Smirnov test p-values
comparing the distribution of individual p-values against a uniform distribution. (b) Quantile-
quantile plot of Dieharder test suite p-values against expected uniform quantiles. Points following
the diagonal reference line (dashed red) indicate p-values consistent with a uniform distribution
expected from a true random source.
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6.6 Conclusions

We have presented a fully hardware-integrated, SDI QRNG based on heterodyne detection of vac-
uum fluctuations. The SDI framework, which derives security from the POV M structure rather than
source characterization, was established by [131]; our contribution lies in extending the security
analysis to address real-time operational requirements (clipping, excess noise, temporal correla-
tions, calibration uncertainty) and demonstrating the first online SDI-certified extraction at rates
exceeding 30 Gb/s. We realize the random number acquisition and Toeplitz hashing based random-
ness extraction entirely on FPGA logic. We also do an extensive security analysis, which shows
that the source-device independent model that we consider does not rely on a model of the source,
but rather on the properties of the measurement itself, which is useful in the case where the source
characteristics drift or when they may be adversarially controlled.

We demonstrate a system with a real-time random number generation rate of 33.92 Gbit/s with
all the security bounds taken into account. To quantify this claim, we decompose the contributions
to the certified rate. The single-round min-entropy hl(nli)n = log, (27 /0’y 0») ~ 12.68 bits/round re-
ceives the following corrections: (i) excess noise inflation reduces this by Ah., = logy(vx7p) ~
0.34 bits/round (—2.7%); (ii) clipping contributes < 10~° bits/round (negligible); (iii) cross-
correlation penalty is < 1074 bits/round (negligible). In contrast, the raw bin width scales as
0 oc 27MENOB g0 a 1-bit improvement in ENOB would increase hgi)n by 2 bits/round (+15.8%).
The ENOB contribution thus dominates other effects by a factor of ~ 6, confirming that higher-
ENOB ADCs offer the most direct path to increased rates. We additionally explore additional
security limiting factors, such as ADC clipping, inter-quadrature correlation and time autocorrela-
tion. We find that these quantities do not significantly impact the security and therefore we only
present them as diagnostics.

Most importantly, this set-up shows that high bandwidth true RNG can be achieved with com-
monly available components. Moreover, the PCle interface allows for high speed transfer of the

random numbers into another platform, allowing easy access to the QRNG for different applica-

tions.
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7.1 Summary

In this thesis two distinct but conceptually related quantum technologies were investigated: spin
dynamics in telecom C-band quantum dots and continuous variable quantum random number gen-
eration. Though the physical platforms differ, both investigations share a common motivation of
realizing quantum optics concepts for secure communications. Telecom QDs with long spin life-
times are of interest for the potential application of quantum repeaters, which is essential for long
range QKD [234]. High bandwidth, secure QRNGs are of relevance for realizing high speed QKD
systems [235], as detailed in Section 2.5.1. In this work we have shown improvement in both parts
compared to previous literature.

In Chapter 4, an MOVPE DE telecom C-band InAs/InGaAs/InP QD ensemble sample was
examined. By using time-resolved Faraday ellipticity, the spin dynamics of the sample were in-
vestigated. It was found that the DE growth mode shows significant improvements in telecom QD
spin properties. In particular, a substantial improvement in the electron 77 time (measured to be
3.0 us) was shown in comparison to similar telecom SK grown QDs. Moreover, reduced electron
g-factor anisotropy was measured, which is an indicator of improved structural symmetry. There-
fore, the improvements are attributed to the DE growth mode, which shows that there is potential
to achieve even better properties by further looking into different composition QDs grown by the
same method. Unexpectedly, from the PRC and Hanle curves it is seen that nuclear spin lifetimes

are close to the electron spin lifetimes. Seeing how measurements were done at cryogenic tempera-
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tures and how the electrons in QDs are stationary, this is attributed to quadrupolar effects. Nuclear
quadrupole effects arise mostly from strain [97]. However, as explained in Section 2.2.3, DE is a
strain-free growth method. In the case of this sample, interdiffusion of Ga and In atoms can also
cause loss of symmetry, which results in quadrupole effects [157]. Overall, DE shows significant
potential for improving spin properties and different composition QDs can possibly produce better
results.

In Chapter 5, MBE SK grown multi-layer telecom C-band InAs/InAlGaAs QDs were investi-
gated. Particularly, one-, two- and four-layer samples were examined. This was done since previous
measurements of the same composition eight-layer sample has shown properties which were of in-
terest [17]. Therefore, measurements were done with different layer counts to find out whether the
seen effects were real and what dependencies they have. Some noteworthy observations were: a
shift from electron resident carriers to holes as layer count increased, even with a Si-doping layer;
the appearance of SML at four and above layer count samples; and an additional, non-oscillating
component appearing when measuring four- or higher-layer samples. The shift of the resident car-
riers from electrons to holes is attributed to the fact that the separation of the layers is small enough
to allow the electrons to tunnel out to upper layers which have lower energy QDs. SML then be-
comes a consequence of the tunneling, since the observed SML signal is attributed to the holes,
meaning that electrons do not have a long enough coherence time, meaning that hole coherence is
longer than electron. That is why SML only shows up when there is a more significant population
of holes as resident carriers. As for the non-oscillating component, the exact cause was not known.
The primary proposed explanation was that with several layer structures the symmetry is broken,
reducing HH-LLH mixing. Since HH have a very low or zero g-factor, the signal shows up as a
non-oscillating component, since the dephasing time is too short to observe an oscillation.

Comparing the two differently grown QD samples reveals that, in general, MOVPE DE struc-
tures exhibit improved spin-dynamical properties compared to MBE SK dots. Although most
measured quantities for the DE samples show clear enhancement relative to the multi-layer SK
structures, no SML was observed in the DE case. The absence of SML is significant, as the trans-
verse coherence time 75 extracted from such measurements represents a key figure of merit for
quantum repeater operation, determining the number of coherent spin manipulations that can be
performed [34]. Consequently, multi-layer samples remain advantageous in this respect, as they
exhibit clear SML. The lack of SML in the DE sample may result from shorter coherence times

but could also arise from differences in dot density or carrier type. Specifically with electrons

122



CHAPTER 7. SUMMARY AND OUTLOOK

being the resident carriers rather than holes, stronger homogeneous dephasing is expected due to
nuclear quadrupolar effects. Nevertheless, the overall improvement of the DE structures in most
spin-related parameters indicates that this growth approach holds substantial promise for achieving
longer coherence times, warranting further systematic investigation.

Lastly, a source DI QRNG with real-time randomness extraction was developed and demon-
strated. A total bandwidth of 33.91 Gbit/s was achieved, which is not the highest that has been
achieved in QRNGs. However, as mentioned in Chapter 6, the other implementations are either
based on less secure, trusted device models or perform offline extraction. In this case, the developed
model provides more security since it does not assume that the source device (laser) is safe and so
the QRNG is safe even in the case with a malicious third party controlling the source. Moreover,
an FPGA was used to implement a real-time Toeplitz extraction algorithm together with random
number transfer over PCle, contrary to the usual case in heterodyne source-DI QRNGs, where an
oscilloscope is used to stream data to a computer and then extracted, as mentioned in Chapter 6.

Taken together, the results presented in this thesis contribute to the advancement of secure quan-
tum communication technologies on two complementary parts. The telecom C-band QDs studies
demonstrate material and structural pathways toward longer spin lifetimes and improved coherence,
both critical for realizing practical quantum repeaters and spin-photon interfaces. In parallel, the
developed source-DI QRNG provides a hardware efficient and verifiable entropy source suitable
for high-speed QKD implementations. By addressing both the physical storage and the crypto-
graphic randomness requirements, this work establishes experimental approaches that support the
long-term goal of scalable, fiber-compatible quantum networks necessary for establishing secure

communication channels.

7.2 Future Work

As mentioned previously, there is substantial potential for realizing improved spin properties us-
ing DE growth. One of the ways it can be done is by realizing a sample with doping. Applying
p-doping to DE grown QDs would allow the observation of the spin dynamics of holes. Since
holes are affected by hyperfine interaction significantly weaker than electrons [95], it would reduce
the nuclear quadropolar effects, potentially resulting in observable SML. Furthermore, different
samples with different material compositions should be investigated to provide a clearer picture

on quadrupolar effects. Ref. [89] measures an SK grown InAs/InAlGaAs/InP QD sample with
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electrons as resident carriers and with a similar PRC curve as was shown in Section 4.5. In their
case, the quadrupolar effects are attributed to strain resulting from SK growth. Seeing how strain
is present in the DE samples measured in this thesis, which should have no or minimal strain, and
how it is not seen in the SK grown InAs/InAlGaAs, this indicates that quadrupolar effects either
result from the presence of InP or from another nuclear related effect which appears with addition
of InP. For this reason, it would be beneficial to investigate different composition DE grown sam-
ples, as there was already a significant improvement in spin properties with DE growth compared
to the SK grown sample in Ref. [89]. It would also help with understanding the underlying effect
causing the effectively short nuclear spin lifetimes in these DE samples.

For the multi-layer structures most of the future work lies in more detailed investigation of
the non-oscillating component and the appearance of SML with increasing layer count, since SK
growth for QDs is already researched in detail. One of the more unusual results was the non-
oscillating component, which was attributed to reduced HH-LLH mixing, which in turn causes the
non-oscillating component due to low HH g-factor in Voigt geometry. However, due to HH still
having some anisotropy in QDs [236], as the magnetic field is rotated, the g-factor should increase
and show oscillations, assuming a strong enough magnetic field is applied. In this thesis, that was
done by mechanically rotating the sample holder. This can cause issues when trying to measure
anisotropy since the rotation is inaccurate and can result in the sample shifting vertically and hor-
izontally, which can cause measurement issues due to sample inhomogeneity. To ensure proper
anisotropy measurements, the use of a vector superconducting magnet is necessary, since then the
magnetic field can be rotated without adjusting the sample itself.

In terms of sample development for the multi-layer structures, there are two primary changes
that can be made: doping and barrier thickness. Both of these changes can be used to investigate
the potential tunneling effects when additional layers are added. In the samples used in this thesis,
only a single Si-doping layer, so it is not entirely clear whether the switch of resident carriers was
due to tunneling of electrons or whether the additionally added layers intrinsically had holes as
resident carriers. Varied barrier thickness is also an additional measure that can help ascertain this,
since with increasing barrier thickness tunneling should decrease and stop altogether. Therefore
with additional layers no change in resident carriers should be seen if it was indeed caused by
tunneling. Moreover, with tunneling blocked, potentially different behavior would be seen for the
non-oscillating component. Specifically, it was shown that the component’s lifetime increases with

temperature, which was attributed to indirect exciton effects, partially caused by tunneling and
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partially by reduced HH-LLH mixing. By blocking tunneling, indirect excitons cannot form and so
this kind of behavior would not be the observed then.

For the QRNG, there are further security improvements that can be done without making signif-
icant changes to the set-up. Firstly, the monitoring of the QRNG can be improved upon. Currently,
there are two outputs over PCle, one for the extracted random data and another for the raw data. It
is necessary to monitor the raw data, since if, for example, the source laser is shut off, it is no longer
the quadratures that are being measured, but rather the classical noise of the electronics and so the
security model breaks down. In this case, the extracted data does not show indications that the
laser is off. However, by measuring the variance of the raw data, it could be seen that the laser was
turned off or the power was reduced. While this can be monitored on a computer, the data transfer
and analysis takes time and with high bandwidth a lot of insecure random numbers can already be
transferred. This can be improved by designing logic that runs in parallel to the extraction in the
FPGA which would monitor variance in real time. By doing this, the extracted random numbers
could be placed in a buffer while variance is calculated and only when it is seen that the variance
is within bounds, the transfer of the extracted numbers would be allowed, ensuring that insecure
data does not get transferred.

Lastly, successful fabrication and use of DE QD samples opens the possibility for using these
QDs for measure-only QKD protocols. As mentioned in Section 2.1.1, QDs can be approximated
as two-level systems. This means that if a QD is resonantly excited (excitation energy matches
the band gap energy), the QD emits only a single photon. This makes QDs a good single-photon
source. DE QDs already have been shown to have very high single photon emission in the telecom
range [55]. For QKD measure-only protocol, entangled states are needed, prefferably in telecom
wavelengths to use existing fiber networks. To create entangled states, high single-photon purity
and indistinguishability is needed [237], which DE QDs exhibit due to their improved structural
properties. More specifically, fine-structure splitting is one of the main factors that reduces en-
tangled photon creation. It has been shown that due to the improved DE QD symmetry, the fine-
structure splitting is significantly reduced, which is highly promising for entangled photon pair
generation [56, 238]. Therefore, DE QDs can be used then to created polarization entangled pairs
for QKD by utilizing biexciton recombination cascade [237]. While using single photon methods
for QRNG or QKD suffers from low bandwidths due to low single photon emission rate, it can be
improved by embeddeding QDs in photonic crystal cavities. QDs placed in photonic crystal cavities

results in increased light confinement, which in turn increases the Q-factor [239] and reduces the
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light mode volume [240], which results in high Purcell enhancement. Purcell enhancement denotes
how excitons radiatively recombine faster [24 1], so a QD placed in a cavity can have significantly
increased emission rate, which would improve the bandwidth limitations for the prepare-measure

QKD protocol.
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ACF autocorrelation function

ADC analog-to-digital converter

Al aluminum

AlGaAs aluminum gallium arsenide

As

arsenic

BPD balanced photodiode

CDC

clock domain crossing
Cl confidence interval
CSPRNG cryptographically secure pseu-
dorandom number generator

CV continuous-variable

CW continuos wave

DE droplet epitaxy
DI device-independent

DV discrete-variable

EFG electric field gradient

ENOB effective number of bits
EOM electro-optic modulator
EVOA

electronically variable optical atten-

uator

FFT Fast Fourier Transform

FIFO firstin - first out
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Abbreviations

FMC FPGA Mezzanine card

FPGA field programmable gate array

Ga gallium

GaAs

gallium arsenide

HH heavy-hole
HPF  high-pass filter
HWHM  half width at half maximum

IID independent and identically distributed

In  indium

INAIGaAs indium aluminum gallium ar-

senide

InAs indium arsenide

InGaAs indium gallium arsenide

InP  indium phosphide

LH light-hole

LO local oscillator
LPF low-pass filter

LUT look-up table

MBE molecular beam epitaxy
MOCVD metalorganic chemical vapour

deposition



Abbreviations

MOVPE metalorganic vapour-phase epi-

taxy
ND neutral density

OPO optical parametric oscillator

OTP one-time pad

P phosphorus

PEM photoelastic modulator

PL photoluminescence

POVM positive operator valued measure-
ment

PRC polarization recovery curve

PRNG pseudorandom number generator

PSD power spectral density
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QCNR quantum-to-classical noise ratio
QD quantum dot
QKD quantum key distribution

QRNG quantum random number generator

RNG random number generators

SDI source device-independent
SK  Stranski-Krastanov

SML spin mode locking

VOA variable optical attenuator

VTI variable temperature insert
WL  wetting layer

XOR exclusive-or
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