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Thomas Lettner

Quantum Nano Photonics, Department of Applied Physics, KTH Royal Institute
of Technology, Albanova University Centre, Roslagstullsbacken 21, 106 91
Stockholm, Sweden

Abstract
Optically active semiconductor quantum dots have proven to be excellent
single- and entangled-photon sources, with applications in quantum optics and
quantum photonics. These sources are considered crucial in the development of
future photonic quantum technology, such as quantum communication, quantum
computation and quantum metrology. In future quantum networks, they allow
to share quantum information through optical fiber links and implement secure
communication protocols based on quantum key distribution.

However, there are several challenges when developing quantum dot devices
in order to unlock the full potential of these quantum emitters. The ideal
quantum dot source efficiently generates triggered single- and entangled-photons
on-demand. It provides further high collection-efficiency, low multi-photon prob-
ability, near-unity indistinguishability and high entanglement fidelity. Finally,
it also offers compatibility with other systems by providing photons with the
desired spectral properties and enabling efficient photon coupling.

In this thesis the development and fabrication of bright and strain-tunable
quantum dot devices for single- and entangled-photon generation has been
studied. It covers highly-symmetric GaAs quantum dots emitting in the near-
infrared, InAs quantum dots generating photons in the telecom C-band and
InAsP quantum dots embedded in InP nanowires enabling deterministic inte-
gration into photonic circuits. The main aspects of operating these quantum
dots in cryogenic micro-photoluminescence experiments are described, with
focus on enhancing the collection efficiency using solid immersion lenses. For
strain-tunability, the focus lies on the fabrication of piezoelectric actuators as
substrates for the integration of quantum dot samples by polymer-based bond-
ing. Finally, this thesis describes the simulation, fabrication and measurement
of a novel device featuring quantum dots embedded in broad-band parabolic
mirror microcavities for enhanced light collection.

Experimental results obtained with a variety of quantum dot devices are in-
cluded: GaAs quantum dot devices featuring solid immersion lenses demonstrate
record-low multi-photon probability and near-unity photon indistinguishability.
Piezoelectric strain-tunable devices with InAs quantum dots emitting in the tele-
com C-band allow for on-demand generation of single- and entangled-photons
with tunable quantum dot emission properties and high entanglement fidelity.
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Piezoelectric strain-tuning actuators enable further the realization of reconfig-
urable quantum photonic circuits featuring waveguide-integrated InAsP/InP
nanowire quantum dots with tunable emission wavelength. Finally, GaAs quan-
tum dots in microcavities with parabolic mirror integrated on piezoelectric
actuators achieve an increase in brightness by one order of magnitude over
planar structures while allowing to tune the emission wavelength to the atomic
transition 87Rb D1 relevant for quantum memory applications.

Key words: quantum dots, single–photons, entanglement, strain–tunable
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Ljusa och töjnings-justerbara halvledarkvantpricksanord-
ningar

Thomas Lettner

Institutionen för Tillämpad fysik, Kungliga Tekniska högskolan,
SE-106 91 Stockholm, Sverige

Sammanfattning
Optiskt aktiva halvledarkvantprickar har visats vara utmärkta källor för enstaka
och intraslade fotoner med tillämpningar inom kvantoptik och kvantfotonik. Den-
na typ av källor anses vara kritiska för utvecklingen av framtida fotonikbaserade
kvantteknologier s̊a som kvantkommunikation, kvantdatorer och kvantmetrologi.
I framtida kvantnätverk kommer dessa källor till̊ata utbytet av kvantinformation
genom optiska fiberlänkar och de kommer även att möjligöra kryptografiskt
säker kommunikation genom kvantnyckeldistribution.

Det finns emellertid flera utmaningar inom utvecklingen av dessa kvant-
prickkällor för att n̊a dess fulla potential. En ideal kvantprickkälla genererar
effektivt enstaka och intrasslade fotoner p̊a beställning. Den har ocks̊a hög
uppsamlingskoefficient, l̊ag sannolikhet för multi-foton generation, oskiljbar
intrassling och hög kvantfidelitet. Slutligen är en ideal källa kompatibel med
andra system genom att generera fotoner med önskvärda spektral egenskaper
och genom att möjligöra effektiv koppling av dessa fotoner.

I denna avhandling har utvecklingen och tillverkningen av ljusa och töjnings-
justerbara kvantprickskällor för enstaka och intrasslade fotoner studerats. Av-
handlingen täcker högsymmetriska GaAs kvantprickar som genererar fotoner
i det nära infraröda spektrat, InAs kvantprickar som genererar fotoner i tele-
kommunikations C-bandet och InAsP kvantprickar inbädade i InP nanotr̊ad
som möjliggör deterministisk integration med fotoniska kretsar. De kritiska
aspekterna av att använda dessa kvantprickar i kryogena mikro-fotoluminescens-
experiment beskrivs, med fokus p̊a att öka insamlingseffektiviteten med hjälp av
solida immersionslinser. Fokuset för möjligheten att justera kvantpricken med
hjälp av töjning ligger p̊a fabrikationen av piezoelektriska ställdon som substrat
för integration med kvantprickar med hjälp av polymerbaserad bindning. Slut-
ligen beskriver denna avhandling simulering, tillverkning och karakterisering
av en ny enhet med kvantprickar inbäddade i bredbands-paraboliska speglar i
mikrokaviteter för förbättrad ljusinsamling.

Experimentella resultat som erh̊allits fr̊an en mängd olika kvantpricksenhe-
ter ing̊ar i avhandlingen: Enheter med GaAs kvantprickar och solid immersion
linser visar rekordl̊ag multifoton-sannolikhet samt nästan enhetlig urskiljbarhet.
Piezoelektriska töjnings-justerbara enheter med InAs kvantprickar som sänder
ut fotoner i C-bandet för telekommunikation möjliggör generation av enstaka
och intrasslade fotoner p̊a begäran med stämmningsbara egenskaper och hög
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intrasslings-fidelitet. Piezoelektriskt töjningsbara ställdon möjligör ocks̊a konfi-
gurerbara kvantoptiska fotonik kretsar med InP/InAsP nanotr̊ads kvantprickar
med stämbar emmisionsv̊aglängd integrerade i v̊agledaren. Slutligen uppn̊ar
GaAs kvantprickar i mikrokaviteter med en parabolisk spegel integrerade p̊a
ett piezoelektriskt ställdon en ökning av ljusstyrkan med en storleksordning
jämfört med plana strukturer samtidigt som den gör det möjligt att justera
emissionsv̊aglängden till den atomöverg̊angen 87Rb D1 som är relevant för
applikationer inom kvantminnen.

Nyckelord: kvantprickar, singelfotoner, sammanflätning, töjnings-justerbar
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Preface

This thesis deals with the fabrication and measurement of single- and entangled-
photon generating devices based on optically-active epitaxial quantum dot
samples operating in the near-infrared and at telecom wavelengths. Advanced
quantum optical experiments, as well as many envisioned real-world applications
require these sources to be bright, with tunable emission properties. The thesis
therefore focuses on the realization of devices which enhance the photon collec-
tion efficiency and offer strain-tuning capabilities by integration on piezoelectric
actuators.

In the course of the thesis I developed, fabricated and measured devices
from several quantum dot samples using different techniques, including nanofab-
rication methods in a cleanroom environment. Devices with solid immersion
lenses allow for increased photon collection efficiency from planar samples.
Piezoelectric actuators strain-tune the quantum dot emission wavelength and
fine-structure for thinned samples and waveguide-integrated nanowire quantum
dots. Novel devices featuring microcavities with a parabolic mirror increase
the brightness of embedded quantum dots and also feature piezoelectric strain-
tunability. The work was funded by the Linnaeus Center in Advanced Optics
and Photonics (Adopt), the Swedish Research Council (Vetenskapsomr̊adet)
and the European Research Council (ERC).
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lund, L. Schweickert, S. Steinhauer, L. Yang, J. Zichi, M. Hammer,
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Hedlund, C. N. Lobato, T. Lettner, K. Wang, S. Gyger, E. Schöll, S.
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Part I

Overview and summary





Chapter 1

Introduction

Some materials exhibit unusual optical effects which we can only explain with
a detailed understanding of the underlying processes involved in light-matter
interaction. For dichroic glass, used e.g. for the famous Lycurgus Cup [1],
trapped nanoparticles cause a color change depending on the illumination
of the object. Suspensions of colloidal quantum dots shine with different
colors depending on the size of the nanocrystals interacting with the light [2].
Microstructured materials can exhibit structural coloration responsible for the
complex appearance of butterfly wings, peacock tail feathers and beetle shells [3].

Modern technology relies heavily on semiconductor materials which have the
ability to interact with light. In particular, low-dimensional semiconductors have
been studied for applications in solid-state light sources such as the fabrication
of low-threshold lasers [4], [5]. The epitaxial growth of optically-active zero-
dimensional semiconductor quantum dots [6] (QDs) was a milestone for the
subsequent development of novel non-classical solid-state light emitters.

In recent years, epitaxially-grown semiconductor QDs have developed into
excellent single- and entangled-photon sources with outstanding optical proper-
ties that can be tailored to a large extent. These QDs are robust solid-state
emitters [7] embedded in a semiconductor host material, which enables the fab-
rication into complex devices using well-established semiconductor fabrication
methods. Such devices with high brightness and tunable emission properties
are required for many quantum optical experiments and real-world applica-
tions, including quantum information processing [8] and the emerging quantum
internet [9].

However, the collection of the QD emission is often challenging because
a typical QD emits light in all directions (isotropically). As a result, most of
the light can not escape the surrounding high refractive-index material due
to total internal reflection [10]. Commonly, solutions to this problem apply
well-established semiconductor fabrication methods to increase the collection
efficiency of the QD emission [11].

In particular, microcavity QD structures offer increased brightness by
restricting the QD light transmission to allowed cavity modes using reflective
interfaces. Devices based on microcavity pillars [12] have demonstrated to be
efficient sources for single and indistiguishable photons [13]–[16]. They typically

1



2 1. Introduction

rely on epitaxially-grown distributed bragg reflectors (DBRs) and operate in a
narrow spectral band. Metal-dielectric cavities [17] are a good alternative to
DBRs for the realization of broadband cavity structures. Microlenses fabricated
very closely above the microcavity QD structures increase the collection efficiency
further [18]–[21].

In recent years the precise alignment of nanostructures to the individual
QD position using in-situ lithography [22] enabled the development of ultra-
bright single-photon sources based on microcavity pillars [23]–[25]. Resonantly
excited, they are also sources of highly-indistinguishable photons [26], [27]. More
recently, in-situ lithography has allowed to position QDs in the center of circular
bragg gratings and demonstrate sources of entangled photons with record-high
brightness and near-unity indistinguishability [28]–[30].

Photonic nanowires use a waveguiding approach to increase the direc-
tionality of the QD emission. In particular, tapered nanowires [31], [32] and
nanowire trumpets [33] have achieved record efficiencies and broadband op-
eration. Nanowire QDs with high brightness have enabled demonstrations of
strongly entangled photon pairs [34], [35] and violation of Bell’s inequality [36].

Another challenge results from the small differences between individual
QDs obtained from epitaxial growth. The QD size, shape and composition
affect the electronic energy levels, which in turn leads to some variation in
the optical properties and spectra of the QDs on a sample. As a consequence,
several post-growth tuning methods for QDs have emerged, such as electrical
tuning of the emission wavelength using the quantum-confined Stark effect [16],
[37], [38], which enabled the demonstration of two-photon interference from
remote QD emitters [39].

Strain-tuning devices based on piezoelectric actuators provide reversible
and linear control over emission wavelength and QD anisotropy [40]–[44]. The
development of laser-cutting of piezoelectric substrates has allowed to fabricate
them into actuators with individual separated legs [45]. Such micromachined
piezoelectric actuators are then capable to induce large strain magnitudes of up
to 1.5% to an attached QD nanomembrane [46]. Three- and six-legged devices
with the individual legs arranged 60° with respect to each other provide full
control of the in-plane strain tensor allowing to erase the QD fine-structure
splitting and simultaneously tune its emission wavelength [47], [48]. Such a
device has allowed to realize a nearly dephasing-free QD source of polarization
entangled photons [49].

An ideal QD device as a source of single- and entangled photons combines
high brightness and strain-tunability of the QD emission. Integration of QDs
embedded in microcavities, circular bragg resonators or nanowires onto piezo-
electric actuators for strain-tunability has proven to be a viable strategy [50]–
[52]. Furthermore, nanowire QDs coupled to waveguides directly fabricated on
a piezoelectric actuator present a scalable method for deterministic integration
of the sources in reconfigurable photonic circuits [53].



1. Introduction 3

This thesis covers fabrication of bright and strain-tunable QD devices using
the following QD samples:

• Highly-symmetric dropled-etched gallium arsenide (GaAs) QDs emitting
in the near-infrared (NIR) close to 795 nm
• Indium arsenide (InAs) QDs with emission in the telecom C-band

(1530 nm to 1565 nm)
• Indium arsenide phosphite (InAsP) QDs embedded in indium phosphite

(InP) nanowires

In Paper 1 we measure record-low multi-photon emission from a device
with GaAs QDs under two-photon-excitation (TPE). The device features QDs
inside a DBR cavity with an additional solid-immersion-lens (SIL) on top for
enhanced light-collection. For the same device we are able to obtain high photon-
indistinguishably by employing resonant excitation (Paper 3). In Paper 6, we
present a novel device design for these QDs, featuring a parabolic mirror micro-
cavity to enhance the photon collection efficiency and a piezoelectric actuator to
strain-tune the emission wavelength. With this device, we demonstrate bright
single-photon emission tuned to the wavelength of the rubidium transition 87Rb
D1.

In Paper 5, we measure entangled-photon emission in the telecom C-band
from InAs QDs inside a DBR-semiconductor-air cavity. In Paper 2, we tune
and stabilize the emission of the QDs by integrating them onto a piezoelectric
strain-tuning actuator by mechanical thinning and polymer-based bonding. A
device with more degrees of freedom is presented in Paper 7, were we use an
actuator with six micro-machined actuator legs to induce strain into a sample
of InAs QDs. This device allows us to suppress the fine-structure splitting of a
selected QD while studying the impact on the entangled-photon emission.

Alternatively, we deposit and etch structures directly on top of the piezoelec-
tric actuators. We use this method in Paper 4 to realize silicon nitride (SiN)
photonic circuits with waveguide-coupled InAsP/InP nanowire QDs integrated
onto a piezoelectric strain-tuning actuator. The strain-tuning allows to shift
the QD emission wavelength or to reconfigure the photonic circuit.



4 1. Introduction

Thesis structure. Part I describes the main aspects of developing and fabri-
cating single- and entangled-photon sources based on QDs. Part II summarizes
and collects the main publications, where these devices allowed to perform the
experiments.

Chapter 2 covers the theoretical background of single- and entangled-photon
generation with epitaxial semiconductor QDs. This includes a description of the
electronic energy levels in QDs that result in photon emission, the properties of
single-photon light emitted by the QD and polarization-entangled photon pairs
obtained from the QD cascaded emission.

In Chapter 3 follows a description of the QD samples used in this work for
fabricating the devices. This includes GaAs QDs (Papers 1, 3 and 6), InAs QDs
(Papers 2, 5 and 7) and InP nanowire QDs (Paper 4).

Chapter 4 outlines the requirements for operating these QDs in optical
experiments, in particular, in a cryogenic micro-Photoluminescence measurement
setup with focus on efficient light collection using SILs (Papers 1 and 3). This is
followed by details on the experimental realization of time-resolved correlation
measurements.

Chapter 5 introduces piezoelectric actuators for strain-tuning of QD samples,
with details on device design and fabrication of actuators from a piezoelectric
substrate. It also describes the integration of QD samples by mechanical
thinning and polymer-bonding to realize strain-tunable QD devices (Papers 2,
4, 6 and 7).

Chapter 6 presents a novel parabolic mirror microcavity for broadband light
collection integrated on a piezoelectric actuator for strain-tuning, and provides
details on device design and simulation, followed by device fabrication steps for
realization (Paper 6).

Appendix A contains more details on the effect of piezoelectric actuators
on the in-plane strain tensor of QD samples and Appendix B describes in-situ
positioning for deterministic nanofabrication of devices with pre-selected QDs.



Chapter 2

Single- and entangled-photons from
semiconductor quantum dots

Single atoms and molecules are capable of emitting single-photon light. The
result is a stream of antibunched photons with a dip in the second-order
correlation function at zero time-delay. The first prediction of this characteristic
dip in 1976 [54] followed the experimental demonstration in 1977 [55] in the
fluorescence of a beam of Na atoms.

An epitaxial semiconductor quantum dot (QD) is a nanocrystal comprising
of only a few thousand atoms and features discrete electronic energy levels [56].
Therefore, QDs are often referred to as ”‘artificial atoms”’. As such, they
are capable of emitting single photons [57]–[59] and polarization-entangled
photons [60], [61].

In recent years, optically-active QDs grown epitaxially using the III-V
semiconductor platform have shown high-quality non-classical light emission.
This ultimately lead to the demonstration of QDs emitting single photons with
low multi-photon probability and strongly-entangled polarization-entangled
photon pairs.

Operation usually requires cryogenic temperatures of approximately 10 K
reachable with commercially-available closed-cycle cryostats. In fact, this low-
temperature environment helps to reduce interactions of the QDs with phonons,
isolating the system even further and resulting in very clean optical emission.

The solid-state nature of QDs also lowers handling complexity and allows
for post-growth processing. Well-established semiconductor fabrication methods
are directly applicable offering many possibilities for device integration and
packaging.

2.1. Quantum dot energy levels

Quantum mechanics provides a description of the unique properties of semicon-
ductor QDs. Bulk semiconductors feature a gap in the electronic band structure
between the electronic valence and conduction band. For optically-active semi-
conductors, like GaAs, this gap is direct.

Exciting a valence band electron into the conduction band leaves behind a
positively charged hole in the conduction band. A conduction band electron can

5
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bond to such a hole to form an exciton (X). In many ways, excitons resemble
hydrogen atoms and feature similar discrete electronic energy levels. The
recombination of an electron and a hole can then result in the emission of light.

Introducing electronic potential barriers allows to restrict the movement
of excitons within a small region of the semiconductor. A quantum dot (QD)
is a zero-dimensional structure obtained by confining excitons in all three
dimensions. The electronic density of states in a QD comprises of narrow peaks
at discrete energies. Quantum confinement requires the QD dimensions to
become comparable to the exciton Bohr radius. In case of strong confinement,
the situation is very similar to the quantum mechanical textbook problem of a
particle in a box.

In general, the exciton wavefunction Ψ(x, y, z) needs to satisfy the stationary
Schrödinger equation:

HΨ(x, y, z) = EΨ(x, y, z) (2.1)

In a QD, the Hamiltonian contains the kinetic energy of electron and hole,
as well as the confinement potential and Coulomb interaction [62]:

H = − ~2

2me
∇2
e −

~2

2mh
∇2
h + Vconf + Vcoulomb (2.2)

The confinement potential Vconf depends on the QD shape and the electronic
band structure. The Coulomb interaction Vcolomb gives rise to the exciton
binding energy. The resulting QD exciton energy is quantized, with principal,
orbital and magnetic quantum numbers, n, l and m, respectively. Similar to the
Hydrogen atom, the states in a QD are commonly labeled s, p, d, etc (Fig. 2.1).

In QDs based on III-V materials similar to GaAs, charge carriers can
typically thermalize very quickly to the QD ground state. The excitons in the
ground state comprise of s-like electrons and p-like holes. The electrons exist
in two configurations Le,z = ±1/2, where Le,z is the projection of the total
angular momentum comprising of orbital and spin quantum numbers. The
exciton hole is usually a heavy hole with Lhh,z = ±3/2.

Only excitons with a combined electron-hole angular momentum projection
of LX,z = ±1 allow for light emission via a dipole-allowed transition to the
ground state. Consequently, the bright exciton electron and hole spins are
anti-parallel. A trion QD energy level results from an exciton accompanied by
a single electron or hole. The additional charge spin here is anti-parallel due to
the Pauli-exclusion principle.

Two excitons in the ground state form a neutral biexciton (XX). The energy
level differs from the single exciton by the biexciton binding energy. Higher
excitations allow for more complicated charge configurations, provided the QD
confinement is sufficiently strong.
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Figure 2.1: QD energy levels and level occupation. Left: Hybrid electronic
band structure schematic representation, with parabolic confinement potential
and discrete QD energy levels. Right: Schematic of QD level occupation for
the lowest energy level by electrons (blue circle) and holes (white circle), with
arrows indicating spin-orientation. Only the bright exciton configurations are
shown.

2.2. Single-photon emission

The decay of a bright exciton in a QD is dipole-allowed and results in the emission
of a single quantum of light - a photon. Single-photon light is fundamentally
different compared to regular thermal or coherent (laser) light. For classical
light there is always a non-zero probability to encounter two or more photons
at the same time. The photon number statistics of coherent light follows a
Poisson distribution. Consequently, the average photon number n̄ is equal to the
variance ∆n2. A stream of photons then appears to comprise of photons which
are spaced completely randomly. Thermal light on the other hand exhibits
a super-Poissonian distribution with n̄ > ∆n2 leading to photons to bunch
together in a photon stream. Single-photon light is sub-Poissonian with ∆n2 = 0
in the ideal case. The photons here come equally-spaced in an antibunched
fashion (Fig. 2.2 a)).

Information encoded on a single-photon is fundamentally secure, since
reading the information requires the detection of the photon. Simply reducing
the light intensity of a classical light source reduces ∆n2, however, with always
finite probability for two or more photons encoding the information. For true
single photons the information encoded in the quantum state cannot be cloned
which allows to implement secure communication protocols. The quantum key
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distribution protocol BB84 [63] allows to encode the bits of the key in the
polarization state of single photons, with the used polarization measurement
bases communicated in a separate channel after the exchange of the photons. A
potential eavesdropper trying to copy the information without knowledge of the
correct polarization bases would introduce errors in the key exchange revealing
the eavesdropping.

Single-photon emission from the QD exciton transition is strongly anti-
bunched unless the QD is immediately re-excited. The probability for re-
excitation reduces drastically when optically exciting the QD resonantly to
the biexciton energy level using two-photon excitation (TPE) [64]. Here, an
excitation wavelength corresponding to half the combined energy of exciton and
biexciton allows to populate the biexciton state deterministically via a virtual
energy using two photons [65]. The decay to the exciton and, subsequently, of
the exciton to the ground state each lead to the emission of a single photon
(Fig. 2.2 b)). Since biexciton and exciton differ by the biexciton binding energy
EB, the excitation wavelength for TPE does not allow to excite any of the two
directly.

In a Hanbury Brown-Twiss measurement [66], the light from the QD
impinges on a beam splitter with photon detectors connected to each output.
The photon detector readings allow to approximate the second-order correlation
function g(2)(τ) defined as:

g(2)(τ) =
〈n1(t)n2(t+ τ)〉
〈n1(t)〉〈n2(t+ τ)〉 (2.3)

, where τ is the time delay used for correlating the photon counts n1(t) and
n2(t) recorded by the two detectors. For anti-bunched single-photon light, the
detectors never detect photons simultaneously and the measurement results in
g(2)(τ = 0) = 0. For details on the experimental realization of the measurement
see Section 4.2.

2.3. Polarization-entangled photon pair emission

The QD biexciton cannot directly decay to the ground state because it is not
a dipole-allowed transition. Instead, the biexciton decays cascaded via the
exciton energy level, emitting subsequently two photons. Photons emitted via
this biexciton-exciton (XX-X) cascade are entangled in polarization [60].

The exciton state has a degeneracy of 2 and consequently there are two
possible decay paths available for the cascaded emission. The initial biexciton
and the final ground state have zero angular momentum L while the exciton
doublet has LX,z = ±1. As a result, photons emitted by the decay carry spin
angular momentum ±1 corresponding to left- or right-hand circular polarized
light. However, the total spin angular momentum of the two emitted photons
needs to be zero due to momentum conservation. Therefore, biexciton and
exciton photons always have opposite polarization in the circular base.
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Figure 2.2: QD single-photon emission statistics and generation. a) Schematic
illustration of antibunched QD single-photons (blue) compared to coherent laser
photons with poissonian statistics (grey). For perfect antibunched light, every
time slot contains a single photon, but in a real environment QD photons get
lost (dashed circles). b) Energy diagram of the QD cascaded biexciton-exciton
emission. Biexciton (XX) and exciton (X) energies differ due to the XX binding
energy EB, resulting in a slight shift in wavelength between XX and X photons,
indicated by orange and blue coloring of the XX and X photons, respectively.
Two-photon excitation (TPE) indicated by two grey photons via a virtual level
(dashed).

The two polarization-entangled photons are in a superposition of the two
possible paths of the cascade. This results in a non-separable state |Ψ〉 as:

|Ψ〉 = 1/
√

2 (|R〉XX |L〉X + |L〉XX |R〉X) (2.4)

, where R (L) labels a right (left) circular polarized photon, respectively, emitted
by the exciton (X) or biexciton (XX). The state transforms via |R〉 = |H〉+ i |V〉
and |L〉 = |H〉 − i |V〉 into the linear polarization base comprising of horizontal
(|H〉) and vertical (|V〉) states, resulting in:

|Ψ〉 = 1/
√

2 (|H〉XX |H〉X + |V〉XX |V〉X) (2.5)

, which resembles the Bell state |Φ+〉. The pair of photons is therefore co-
polarized in the linear polarization basis.

The exciton level in a semiconductor QD features a fine-structure splitting
(FSS) on the order of a few µeV lifting the degeneracy (Fig. 2.3 a)). It is a
consequence of anisotropy in the confinement potential, QD shape and material
strain, and piezoelectricity [67], [68] resulting in a coherent coupling of the two
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bright exciton states [69]. As a result, the entangled state is modified to [70]:

|Ψ(t)〉 = 1/
√

2 (|H〉XX |H〉X + eiφ(t) |V〉XX |V〉X) (2.6)

with a time-varying phase φ(t) = t FSS/~, where t = tXX− tX is the time delay
between the decay of biexciton (tXX) and exciton (tX). The state then oscillates
in time with a period of T = h/FSS, with h the Planck constant, between the
different Bell states but remains maximally entangled.
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Figure 2.3: Polarization-entangled photon emission from a QD. a) Energy dia-
gram of the QD cascaded emission from the biexciton (XX) level via the exciton
(X) doublet with finite fine-structure splitting (FSS) resulting in two possible
decay paths for photon emission with horizontal (H) and vertical (V) polariza-
tion, respectively. Single-photon detectors (grey) register the time stamps tXX

and tX of the single-photon detection events for XX and X, respectively. b)
Schematic illustration of the timing order of XX (orange circles) and X (blue
circles) photon events, including lost photons (dashed). The histograms below
depict XX-X coincidences versus time delay tXX − tX in the linear co-polarized
(VV, filled grey) and cross-polarized (HV, empty grey) basis, for FSS close to
zero and FSS > 0, respectively.

The time-evolution of the entangled state becomes apparent in measure-
ments when evaluating the polarization-resolved single-photon correlation events
from the biexciton-exciton cascade as a function of t (depicted schematically in
Fig. 2.3 b)). The exciton photon triggered on the biexciton results in an expo-
nential decay modified by oscillations with period T/2 due to the fine-structure
splitting. For co-polarized settings in the linear base the correlations start
out maximal close to t = 0 while for cross-polarized settings the correlations
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are minimal. A sufficient time-resolution then allows to obtain high entangle-
ment fidelity to a target state even in the presence of a finite fine-structure
splitting [71].





Chapter 3

Epitaxial semiconductor quantum dots

Metalorganic vapor-phase epitaxy (MOVPE) and Molecular-beam epitaxy
(MBE) enable the growth of epitaxial semiconductor quantum dots based on
III-V semiconductor materials. These deposition techniques allow to vary the
material composition during deposition and with this to engineer the electronic
band structure of the resulting semiconductor heterostructure. In particular,
the use of suitable materials with different electronic band gap leads to the
formation of regions where carriers are trapped by an electronic confinement
potential.

There are several methods for achieving the three-dimensional nano-scale
quantum confinement required for QDs. Historically, top-down approaches
allowed to define regions of confinement by selective-area etching of the semicon-
ductor heterostructure. In recent decades, bottom-up techniques have been used
to obtain nanostructures already during the epitaxial growth process, leading to
potentially cleaner results by avoiding possible sources of unintentional doping.

Self-assembled epitaxial QDs offer high-quality single and entangled-photon
emission properties, however, the self-assembled growth usually results in QDs
forming randomly on the substrate. Optimized sample growth can result in
a homogeneous distribution of QDs with a low density of 1 /µm2 allowing to
separate individual emitters in a confocal micro-Photoluminescence (µ-PL)
setup. However, the subsequent search and characterization of the individual
QDs turns into a very time-consuming procedure. High-precision alignment of
photonic structures to QDs is challenging, however, made possible by imaging
QD samples with marker fields deposited by thin-film metal evaporation [72].
Alternatively, techniques for site-controlled QDs are available, such as the
growth on substrates patterned by in-situ electron-beam lithography [73] or
laser interference patterning [74].

Another method for growing QD samples uses metal-catalyzed nanowire
growth, where QDs form during the growth of a nanowire, e.g. due to a change
in crystal phase. Nanowires act at the same time as a photonic wave-guiding
structure due to the high refractive index of the nanowire material, which
allows for enhanced collection of the QD emission. The growth mechanism of
nanowires is in principal random, but site-controlled growth is possible using

13
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nanotemplates. Nanowire QDs have proven excellent epitaxial QD sources for
operation in the near-infrared and recently also at telecom wavelengths [75].

3.1. GaAs quantum dots

Samples with GaAs QD in aluminium gallium arsenide (AlGaAs) by our col-
laborators in Prof. Armando Rastelli’s group at Johannes Kepler University
Linz (Austria) emit close to the atomic transition Rb87 D1, relevant for QD
photon storage in vapor-cell-based quantum memories [76]. The growth of these
samples is possible due to the recently developed local droplet etching (LDE)
method for etching nanoholes using metallic droplets. The method allows to
obtain highly symmetric and defect-free holes under epitaxial growth conditions
in MBE systems (see Fig. 3.1 a)). The holes then serve as nanotemplates for the
QD growth. The resulting QDs are strain-free and highly symmetric resulting
in a very low FSS [77], [78]

The LDE technique has evolved from droplet epitaxy (DE) which has until
recently struggled to provide high-yield fabrication of QDs emitting entangled
photons [79]. The working principle is therefore derived from DE [80]: As in
DE, the patterning process starts with metallic gallium (Ga) deposition on an
Al0.4Ga0.6As layer grown on a GaAs substrate. The Ga adatoms spontaneously
form droplets following the Volmer-Weber growth mode (similar to water
drops on a window). Local etching then occurs under low As flux and high
substrate temperatures, and results in an etched nanohole as the substrate
below the droplet decomposes due to As desorption. Droplet crystallization
occurs simultaneously at the droplet edges which can lead to the formation
of a crystalline ring surrounding the droplet. Residual material removal and
recrystallization concludes the fabrication of the nanohole which is then ready
for subsequent in-filling with the desired thickness of GaAs to form the QD. A
final capping layer of AlGaAs then finishes the sample growth.

GaAs QDs have demonstrated to emit photons with near-unity indistin-
guishability and entanglement fidelity [81]. They have enabled the realization
of all-photonic quantum teleportation [82] and entanglement swapping [83],
[84]. Moreover, they have been successfully interfaced with Rb atoms [85], [86].
More information on droplet-etched and infilled GaAs QDs for application as
a quantum light source became recently available in a review by da Silva et
al. [87].

The collection efficiency for planar bulk GaAs quantum dots samples in-
creases by introducing DBRs below and above the QDs during sample growth.
The DBRs consist of alternating Al0.95Ga0.05As and Al0.2Ga0.8As layers with
9 (2) pairs at the bottom (top) of the QD layer, respectively. The distance
between the DBRs corresponds to a 1λ cavity with the QDs placed in the
anti-node position of the electric field standing wave formed inside.

The GaAs QD spectra shown in Figure 3.1 b) were measured from a sample
loaded in an optically-accessible cryostat reaching a base temperature of 9 K.
The sample was measured in a confocal µ-PL setup under above-bandgap
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excitation with a continuous-wave (cw) laser. The individual spectrum of a
single QD features a collection of narrow emission peaks around 795 nm. The
exciton transition typically appears as a prominent peak at low wavelength
separated from a group of peaks at higher wavelength corresponding to several
transitions, including trion and biexciton. The linewidth of the exciton peak
is typically 30 pm (60µeV) and the biexciton binding energy approximately
3.5 meV. The size and shape of QDs can vary across a sample resulting in a
shift and slightly different features for the emission spectrum of individual QDs.

790 792 794 796 798 800
0

4k

8k

12k

16k

PL
(C

ou
nt

s/
s)

Wavelength (nm)

QD1

QD2

QD3
d)

b)

QD
GaAs

Al0.4Ga0.6As

250 nm

1.2

–5.6

H
ei

gh
t (

nm
)

c)

a)

Figure 3.1: GaAs QDs grown with the local droplet etching technique. (a-
c) QD structure, evaluated by atomic force microscopy, with a) cross-section
and c) height map. b) Schematic illustration of the cross-section indicating
QD and host matrix materials. Adapted with permission [81] (CC-BY). d)
Photoluminescence (PL) spectra of three individual GaAs QDs measured from
a typical sample under cw above-band excitation.

3.2. InAs quantum dots

Our collaborators in Prof. Mattias Hammar’s group at KTH campus Kista
(Stockholm) use metal-organic vapor-phase epitaxy (MOVPE) to obtain samples
with low-density QDs emitting in the telecom C-band centered around 1550 nm.
Here, the material system is InAs on GaAs, which is already well-known for
providing QDs with excellent single- and entangled-photon emission in the NIR
spectral range [88]. The lattice parameter of InAs is approximately 7 % larger
compared to GaAs which leads to compressive strain induced into InAs when
epitaxially-grown on GaAs. This results in the spontaneous appearance of
self-assembled InAs islands interconnected by a wetting layer in accordance
with the Stransky-Krastanov (SK) growth mode.

The use of a metamorphic buffer (MMB) is essential since it enables QD
emission in the telecom C-band by reducing the lattice parameter mismatch [89].
The MMB composition is InGaAs with gradually increasing In content towards
the QD layer. This results in larger QDs with reduced strain and shifts the
QD emission up into the telecom C-band. The recipe for the growth of QD
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samples with low-density InAs QDs on an MMB layer originates from Prof.
Peter Michler’s group at the University of Stuttgart [90]. For samples currently
developed with our collaborators the focus lies mainly on obtaining bright QDs
with reduced fine-structure splitting.

One possibility to increase QD brightness is to design a bottom DBR
for the telecom C-band just below the QD layer. The bottom DBR and the
semiconductor-air interface at the top then realize a planar cavity with the QD
then ideally positioned in an anti-node of the electric field inside the cavity.
The optimized design (Fig. 3.2 a)) features a bottom DBR with 20 pairs of
alternating AlAs/GaAs layers (150/100 nm, respectively) grown just below the
1150 nm-thick MMB layer and 280 nm of InGaAs for QD capping in order to
obtain a 3λ cavity.
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Figure 3.2: InAs QDs grown on a metamorphic buffer. a) Scanning electron
microscope cross-section image of an InAs QD sample featuring a bottom DBR.
The bright layer on top of the metamorphic buffer contains the QDs. Adapted
from paper 2. b) Photoluminescence (PL) spectrum of a typical InAs QD
measured at ≈12 K under cw above-band excitation.

Typical QD spectra obtained at low temperatures show narrow peaks
corresponding to the different radiative transitions in the QD (Fig. 3.2 b)),
with linewidths below 100 pm (50 µeV). The most prominent peaks are usually
attributed to the neutral exciton, trion and biexciton. The spacing between
exciton and biexciton is approximately 5.3 nm in a typical sample corresponding
to a biexciton binding energy of ≈2.7 meV. The exciton fine-structure splitting
ranges from 5µeV to 20µeV.

3.3. InAsP nanowire quantum dots

Another possibility to achieve three-dimensional confinement in III-V semi-
conductors is the metal-catalysed growth of nanowires using chemical-beam
epitaxy (CBE). Our collaborators in the group of Dan Dalacu and Phillip J.
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Poole at the National Research Council in Ottawa (Canada) have developed a
method to grow pure wurtzite InP nanowires with InAsP QDs by combining
vapor-liquid-solid (VLS) and selective-area (SA) epitaxy [91].

The process starts by patterning the substrate with circular SiO2 openings
and placing a single nanometer-sized Au catalyst seed in the opening center
using a self-aligning lift-off method. Then follows the growth of the nanowire
core under conditions promoting catalyzed growth. It is during this growth
that the QD forms by switching the composition from InP to InAsP for a
short duration. Finally, the nanowire core receives an InP cladding enabled
by the selectivity of the growth provided by the circular openings. A tapered
cladded nanowire (Fig. 3.3 a)) then guides the QD emission efficiently along
the nanowire axis [92] and into a narrow emisison cone [32] which is beneficial
for applications requiring directional emission into waveguides.
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Figure 3.3: InAsP QDs in InP nanowires for photonic waveguide integration. a)
Scanning electron microscope image of an InP nanowire with an InAsP QD close
to the bottom. Reproduced from [36] (CC-BY) b) Scanning electron microscrope
image of an InP nanowire containing an InAsP QD, which is waveguide-coupled
to a photonic circuit fabricated on a piezoelectric actuator. Adapted from paper
3. c) Photoluminescence (PL) spectrum of an InAsP/InP nanowire QD from
paper 3 measured at ≈6 K using non-resonant excitation with a ps-pulsed laser,
courtesy of Ali Elshaari.

The site-controlled growth results in regular nanowire arrays where it is
possible to single out a nanowire QD for PL characterization to identify suitable
candidates. Then, the pick-and-place method allows to break off a selected
nanowire using a nanomanipulator and integrate it onto a photonic circuit chip.
This process is a fast and reliable method to integrate several emitters on single
devices [93].

SiN photonic waveguide structures provide strong optical confinement due
to the large refractive index contrast between SiN and air. A two-step process
developed at the Optics research group at Delft University of Technology
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(The Netherlands) can directly encapsulate nanowires during the waveguide
fabrication [53]. In a different approach, the already-fabricated photonic circuits
include tapered waveguide couplers allowing to guide the emission of nanowires
placed right in front of the facet into the photonic waveguide (Fig. 3.3 b)).

Samples of InAsP quantum dots embedded in the InP nanowires emit single
and entangled photons in the NIR close to 900 nm (Fig. 3.3 c)). They feature
prominent sharp emission peaks with a linewidth typically on the order of 70 pm
(120µeV).



Chapter 4

Optical measurements with quantum dot
devices

A main requirement for performing optical experiments with epitaxial semi-
conductor QD devices is the cooling of the samples to cryogenic temperatures,
typically to temperatures at around 10 K and below. A solution are helium-
cooled cryostats offering optical access to the cooled QD device. Several systems
reaching a base temperature down to typically 4 K are available. Closed-cycle
cryostats recycle the helium during operation, which reduces helium consump-
tion and allows to keep the samples cold for prolonged measurement durations.

A high vacuum environment and thermal shielding of the sample chamber
ensures low thermal load to the cold head. The cooling power efficiently transfers
to the sample through the cold finger which is thermally connected to the cold
head. The sample carriers are typically oxygen-free copper plates holding the
samples attached with silver conductive paste. Further, it is often necessary
to provide electrical connections to work with more complex QD devices with
electrical contacts. Low thermal load requires that none of the wires touch the
outer shielding of the cryostat.

Conducting certain experiments with QD devices typically requires elaborate
optical setups on dedicated optical tables with access to the devices in the
cryostats. Here it can be beneficial to employ a modular design where certain
parts of the setup are dedicated to specific tasks. The individual modules
then connect to each other either free-space or with optical fibers. Some
key modules when working with QD devices are the excitation laser system,
the micro-photoluminescence (µ-PL) setup and the detection setup featuring
spectrometers, detectors and correlators (see Figure 4.1).

Conducting the experiments typically requires to computer-control all these
modules using a dedicated software. LabVIEW is a popular solution since
it comes with an intuitive graphical programming interface and support for
common lab equipment. Python offers higher flexibility and a large community
for support but is less intuitive for users with no programming background. In
practice, it is efficient to have a LabVIEW program run the experiments and
switch to python for data treatment.
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Figure 4.1: Schematic illustration of the optical setup for QD µ-PL spectroscopy.
Typical components for a setup include: pulsed excitation laser with pulse slicer,
confocal microscopy setup with the QD sample in a cryostat and spectroscopic
analysis using a spectrometer and a charge-coupled device (CCD) sensor.

4.1. Micro-photoluminescence spectroscopy

A confocal µ-PL spectroscopy setup enables to study the spectral features of
single QDs in a QD sample. It mainly consists of an optical setup to efficiently
excite and extract light from a QD sample or device. In free-space confocal
µ-PL an objective focuses the light to a micrometer-sized point to select the
individual QDs. The confocal arrangement couples the detection path and
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excitation laser through the same objective. The Montana Cryostation CR-
120, the CryoMech low-noise 4 K system and the Attocube Attodry 800 allow
mounting a short-working-distance objective with high numerical aperture (NA)
directly inside the sample space with the first lens very close to the sample
surface. The benefit is then improved free-space light coupling to QD devices
hosting QDs with isotropic emission pattern. The objectives used in free-space
µ-PL are typically optimized to offer a high NA of around 0.8 and operate
close to the diffraction limit for the detection wavelength. The coating of the
optical interfaces needs to be highly transmissive especially for the detected
light wavelength.

Alternatively, some cryostats like the Attocube Attodry 800 offer fiber
access. This enables the coupling of light directly to a waveguide facet or
grating coupler by moving the fiber end into close distance to the device surface
using Attocube positioners. The system is especially well-suited for working
with QDs integrated into photonic chips featuring waveguides.

Excitation of QD devices typically requires a dedicated excitation laser setup,
especially when attempting more elaborate excitation schemes. In the simplest
case, a helium-neon (HeNe) continuous-wave (cw) laser source excites valence
band charge carriers across the band gap into the conduction band. Electrons
and holes then thermalize to the lowest QD energy levels. Recombination of
these carriers leads to the emission of the characteristic individual above-band
QD spectrum. Similarly, green and blue laser diodes are able to achieve above
band excitation for QD operating in the NIR and at telecom wavelengths.

For pulsed excitation it is common to use systems with 80 MHz repetition
rate and a few ps pulse length, although systems with 320 MHz have also become
available. Particularly versatile are tunable lasers like the APE Pico Emerald,
allowing for resonant excitation schemes such as TPE. A pulse slicer allows
in addition to vary the spectral width of the laser and consequently the pulse
length. For this, the laser impinges first on a grating and then gets focused
through a motorized slit and reflected back onto the grating. Pulse slicers are
commercially available also from APE.

After the light extraction follows a beam splitter separating the detection
from the excitation path. This beam splitter is usually non-polarizing and
highly unbalanced typically 90:10 in favor of transmitting the detected signal.
The detection path then consists of a series of spectral filters, such as long-pass
or notch filters, to remove the comparably intense excitation laser or unwanted
signal. Filtering in polarization is possible as well using a series of waveplates
and polarizers. The waveplates, usually λ/2 and λ/4, are ideally mounted on
motorized rotation stages, e.g. from Newport. Polarizing beam splitters are
bulkier than polarizers but can offer higher transmission.

The spectral analysis then involves typically employing an imaging spec-
trograph, like the Princeton Instruments Acton SP2750i. It requires focusing
the signal on the entrance slit after which it is defracted on a reflection grating
sitting on a rotatable turret and then focused on an imaging device. For NIR
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it is possible to use 2D imaging charge-coupled device (CCD) sensors like the
Princeton Instruments Pixis, but telecom wavelengths require more special-
ized sensors like a nitrogen-cooled InGaAs 1D array, such as the OMA V by
Princeton Instruments. The imaging devices mentioned here come with software
support and offer especially LabVIEW support via the Scientific Instrument
ToolKit (SITK).

For free-space µ-PL, a solid immersion lens (SIL) allows to increase the
light collection efficiency for bulk QD samples (see Figure 4.2 a)) [94]–[97].
Typically, only about 1 % of the isotropic QD emission can escape due to the
high refractive-index of typically 3.5 for a host material like GaAs, resulting
in total internal reflection already for a cone angle above 16.7°. A SIL aims
to reduce the refractive index step at the sample-air interface and features
at the same time a curved top surface. Consequently, this allows to collect
a larger cone angle from the QD emission when using a SIL made from a
higher-refractive index material like N-LASF9 or S-LAH79. A super SIL, in
particular the Weierstrass, has a stronger top surface curvature which results in
focusing the QD emission into a smaller NA [94], [95].

QD n = 3.5

n = 1

αCritical = 16.7°

α

n = 3.5

nSIL

QD

Flat interface Super-hemispheric SIL

a) b)

Sample
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Figure 4.2: Solid immersion lens (SIL) for enhanced light-extraction. a) Working
principle, where a sample without SIL (left) limits the emission to the critical
angle αCritical due to total internal reflection, while a super-hemispheric SIL
(right) not only increases αCritical but also collects the emission into a small NA.
b) Photograph of a bulk QD sample with a SIL attached using tweezers and
vacuum grease.

In practice, a SIL needs to attach properly to the sample surface with as
little gap between the surfaces as possible. For temporarily fixing a SIL it can
be sufficient to apply a very thin layer of vacuum grease e.g. Apiezon N. A
more permanent method comprises of using vacuum-compatible epoxy (Stycast)
or UV-cured adhesive like Norland Optical Adhesive NOA 88.

Alternatively, it is also possible to completely avoid introducing additional
surfaces by processing a microlens directly out of the QD host material [18], [19].
The devices in this thesis, however, employ commercially available SILs from
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Edmund Optics, mounted manually to the QD samples with tweezers under the
microscope (see Figure 4.2 b)).

4.2. Time-resolved correlation measurements

Time-resolved correlation measurements with QD devices require detectors capa-
ble to work at the single photon level. Superconducting nanowire single-photon
detectors (SNSPDs) are available commercially, e.g. from Single Quantum, with
high efficiency, low dark counts and low timing jitter. Each detected photon
converts to a single voltage pulse after which the detector recovers in order to
be able to detect another photon.

The voltage pulses then feed into a time-tagger, a typical system being
the PicoQuant HydraHarp 400. The task of the time tagger is to record the
arrival time of the photon and log it to a data file on a computer hard drive.
In some experiments using pulsed laser excitation, the laser can provide an
electronic signal for each pulse as an additional synchronization signal. Then
the HydraHarp (in T3 mode) can reduce file size by recording only the relative
time delays and counting the synchronization pulses.

PicoQuant offers a graphical interface to operate the HydraHarp directly,
however, interfacing with LabVIEW is also possible and recommended since
this allows to run more complex experiments, like quantum state tomography,
completely automatized. For the analysis of the data files the Extensible
Timetag Analyzer (ETA) [98] offers a versatile and performant solution capable
to treat also very large data files. The analysis typically results in a correlation
count histogram showing the number of correlation events as a function of time
delay.

The narrow emission lines of the QD, especially the exciton and biexciton
transitions, are of high interest for correlation measurements since they exhibit
single-photon statistics and polarization entanglement. To study their properties
requires to select the individual lines by spectral filtering of the QD signal.
Notch filters are particularly suitable for blocking and reflecting a very narrow
spectral window of typically 0.5 nm. At the same time tilting the filter in the
beam path allows to tune the center of the window over a large wavelength
range. Alternatively, transmission gratings present a very low-loss option for
filtering the QD signal. A dedicated transmission spectroscopy setup achieves a
very narrow filtering window of around 0.15 nm with high end-to-end efficiency
up to 60 % when coupling the QD transitions to optical fibers.

The Hanbury Brown and Twiss experiment [66] is an auto-correlation
measurement performed in order to evaluate the second-order coherence function
at time-delay zero g(2)(τ = 0). The experiment consists of adding a beam splitter
to distribute the QD signal evenly to two channels of the single-photon detection
system (Fig. 4.3 a)). A QD transition exhibiting pure single-photon statistics can
not result in both detectors clicking at the same time. Consequently, g(2)(τ = 0)
takes on the value zero. Any correlation event registered at time-delay zero
either comes from unwanted multi-photon QD sample emission, photons entering
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the measurement from an external source or detector dark counts. The ratio
of correlation events at τ = 0 to the average correlation events for large time
delays (Poisson level) gives an estimate for the multi-photon probability. A QD
exhibiting blinking, where the QD turns dark for random time intervals during
the experiment, results in an increased number of coincidences for peaks closest
to the peak at zero time-delay.
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Figure 4.3: Measurement principle of a Hanbury Brown and Twiss experiment.
Schematic illustration of a) the experimental setup consisting of a beam splitter
(blue square) and two single-photon detectors (grey) and b) coincidences from
correlating the two detector channels, with missing coincidences at τ = 0 for
antibunched light.

Measurements of g(2)(τ = 0) with cw lasers require detectors with high
time-resolution and fitting of the correlation histogram to a correlation model
function in order to obtain g(2)(τ = 0). Pulsed-excitation, on the other hand,
results in several peaks appearing in the correlation histogram (Fig. 4.3 b)).
In case of the typically used 80 MHz repetition rate excitation laser, the peak
spacing is 12.5 ns, much larger than the narrow peak width due to the short
lifetime of QD transitions of typically 1 ns. This allows to calculate g(2)(τ = 0)
without fitting by summing up all events within the 12.5 ns time-window. Given
a sufficiently-short lifetime, increasing the overall count rate is possible by using
320 MHz repetition rate lasers for excitation.

A different experiment measures the cross-correlation of the photon pairs
emitted through the QD biexciton-exciton cascade. This requires setting up
one detector for detecting only exciton photons and the other for biexction
photons, by filtering the signal using notch filters or a transmission grating. The
correlation count histogram then features an asymmetric peak at time-delay
zero. This is a consequence of the cascaded emission, where it is not possible
for an exciton photon to arrive before the biexciton photon. However, the total
number of coincidence events per peak has to remain constant. Consequently,
the peak is then in principle twice as high compared to its neighboring peaks and
even higher in real measurements due to non-perfect excitation of the cascade.
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A polarization-resolved cross-correlation measurement allows further to
characterize the two-photon quantum state density matrix. This serves the
purpose of verifying the polarization-entanglement of biexciton and exciton
photons manifesting in the non-separability of the two-photon state. The
measurement involves again filtering out and measuring the biexciton and
exciton photons on separate detectors, however, each in addition filtered in
polarization. For this purpose, each detection path includes a combination
of a λ/2 and λ/4 waveplate followed by a linear polarizer. The measurement
procedure then resembles a Stokes measurement [99], where the waveplates are
rotated to orthogonal polarization settings of the linear, diagonal and circular
polarization bases. A reconstruction requires at least 4 (4× 4) measurements
for a one (two) photon state, respectively, with a further reduced measurement
error by using all 6 (36) settings.

With the acquired polarization-resolved cross-correlation histograms it is
possible to reconstruct the two-photon state as a function of time delay, by e.g.
using a python script based on the algorithm presented in [100]. This evaluation
then allows to investigate the temporal evolution of the entangled state which
oscillates between the different Bell-states for a QD with finite FSS.





Chapter 5

Piezoelectric strain-tuning quantum dot devices

QD samples exhibit a distribution in QD size and shape resulting in a variation
in observed QD emission wavelength and fine-structure splitting (FSS). Piezo-
electric strain tuning is a post-growth tuning method allowing to control the
QD strain environment in a reversible way [44]. In particular, it is possible
to shift the emission wavelength of the narrow QD emission lines over a large
wavelength range without significant loss in spectral quality or count rate.

Piezoelectric actuators convert an applied electric field into a deformation
which transfers to the QD sample bonded to the surface. Already monolithic
actuators allow then for biaxial tuning of the in-plane strain tensor of a QD
sample, however, with fixed angle for the major strain axis. Provided the QD
anisotropy angle aligns with the major strain axis of the actuator, a monolithic
actuator device is then capable not only to tune the QD emission wavelength
but can also lower the FSS [101], [102].

Micromachined multi-axial devices are capable of exerting larger strain mag-
nitudes and offer control over the major strain-direction. Six-legged actuators in
particular enable full-control of the in-plane strain tensor allowing in principle
tuning the FSS of any QD to zero while simultaneously setting the emission
wavelength [47]. QDs with FSS tuned to zero then emit entangled photon pairs
with a higher time-averaged fidelity which relaxes the requirements on temporal
postselection.

5.1. Piezoelectric substrate preparation

The piezoelectric substrate Pb
(

Mg1/3Nb2/3

)
O3–PbTiO3 (PMN-PT) is suit-

able for fabrication of strain-tunable QD devices due to its giant piezoelectric
response at very low temperatures. High-quality single-crystal substrates are
commercially available e.g. from TRS Technologies and Biotain crystal. The
exact material composition and the crystallographic cut define the piezoelectric
and mechanical properties.

Typically, pre-cut 10 mm× 10 mm substrates are available with variable
thickness, with 200 µm offering still reasonable mechanical stability for process-
ing. The disadvantage of using thicker substrates lies in the increased electrical
voltage required to reach the equivalent high electric field for inducing large
strain with the actuator.

27
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Electrical contacting and QD sample integration both require a polished
flat piezoelectric substrate surface. PMN-PT from Biotain crystal already
offers polishing their substrates with sufficient low roughness of Ra < 0.5 mm.
Otherwise, the substrate needs to undergo a polishing step carried out either
manually (Fig. 5.1 (a-b)) or using a dedicated polishing system (Fig. 5.1 c)).
The precision polishing system from Multiprep is especially well suited since it
enables live monitoring of the substrate thickness during polishing using plunger
dials.
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Figure 5.1: Sample polishing or lapping process. a) Photograph of the equipment
for polishing manually or with the polishing system. Inset: Sample mounted
on a holder for the polishing system. b) Photograph of the manual polishing
process of moving the sample with the polishing tool across the polishing paper.
c) Photograph of the polishing process using the Multiprep polishing system.

The detailed recipe for polishing with the manual polishing tool consists of
the following steps:

1. Substrate gluing to manual polishing tool with removable wax: Pre-heat
the tool with a heat gun. Apply a sample mounting wax in a cross-shaped
pattern and press the substrate on. The wax needs to fill up the gaps all
the way to the corners. Blow off particles and let cool down ≈5 min while
applying weight by pressing on a flat surface. Then blow off particles
once more.

2. Setting up the polishing: Rinse the glass plate with water and attach
diamond polishing paper on the still wet surface. To avoid air bubbles
place the paper slowly starting from one corner so that air can leave
to the other side. Rinse the polishing paper and polishing tool with
deionized (DI) water.

3. Polishing process: Move the polishing tool across the polishing paper
surface in an eight-like pattern. Keep the polishing paper moist using
only very little water. Start with 15 µm diamond paper, then decrease
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to 3 µm and finally use 1 µm. Carefully clean all components with DI
water before using finer paper to avoid scratches. Optically inspect
the substrate surface and move to finer paper only if surface roughness
appears homogeneous. Use the first paper sufficiently long to achieve
planarizaton of the substrate surface. Finish with fine paper and a lot
of water to remove any residuals.

4. Substrate removal: Blow dry the substrate still attached to the polishing
tool. Heat the tool again using the heat gun. Move the substrate
from the tip and immerse it in Aceton to dissolve the wax. Rinse with
Iso-propanol (IPA) and blow-dry.

The polishing recipe with the Multiprep polishing system is similar to the
manual polishing tool recipe:

1. Substrate gluing to polishing system sample holder: Pre-heat the sample
holder on a hotplate 10 min at 90°. Proceed as with the manual polishing
tool.

2. Setting up the polishing system: Rinse the rotating table and diamond
polishing paper with DI water applied through the dispenser. Attach
the sample holder and adjust the height and pressure. Set up thickness
monitoring using the plunger dial. Set process parameters with low
pressure and randomized rotation pattern using low rotation speed of
20 rpm. Set the water dispenser to drip slowly DI water to keep the
polishing paper moist.

3. Polishing process: Proceed in a similar way as with the manual polishing
tool. Change gradually to finer grade paper and carefully clean surfaces
using the DI water dispenser.

4. Substrate removal from sample holder: Heat the sample holder using a
hotplate or heat gun until the wax is soft enough to detach the sample.
Proceed as with the manual polishing tool.

After the preparation, the piezoelectric substrate receives thin electrode
layers of chromium/gold (Cr/Au) = 10/100 nm on both the top and bottom
surface. Here, Cr serves as a sticking layer to increase adhesion of Au to the
substrate and Au provides high conductivity. Coating the substrates requires a
metal deposition system capable to reach high vacuum conditions of around
1× 10−6 mbar in order to avoid Cr oxidation. Covering the side faces of the
substrate with photoresist (S1818) is necessary since unwanted metal deposition
on the actuator sides would cause a shortcut between the two electrodes. Two
metallization runs per substrate are required, one for the top and one for the
bottom surface. After cleaving the substrates into the desired dimensions the
actuators are ready for bonding.

5.2. Sample integration onto piezoelectric actuators

Piezoelectric actuators can induce large amounts of uniaxial or biaxial strain
into QD samples to tune the optical properties. Figure 5.2 a) shows a schematic
illustration of the working principle for inducing isotropic biaxial strain using
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a monolithic actuator device design. The piezoelectric substrate features two
Au electrodes allowing to apply an electric field across the substrate. The
piezoelectric substrate responds by exerting mechanical stress to the bonded
sample in turn straining the QDs embedded in the sample. In the illustrated
configuration, the direction of applied electric field is along the z-axis while the
sample attaches to one of the electrodes on the actuator (001) surface. The
induced strain ε|| is then isotropic biaxial in-plane and proportional to the
piezoelectric constant d31. The strain-tuning provided by this design mainly
shifts the QD emission wavelength.
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Figure 5.2: Mechanically thinning and bonding process: a) Schematic illustration
of the device working principle, featuring a mechanically thinned QD sample
bonded to the top contact of a piezoelectric actuator allowing for biaxial strain
tuning ε||. b) Microscope image of two samples featuring droplet-etched and
in-filled GaAs QDs thinned to 40 µm by lapping the backside. c) Microscope
image of the right sample in b) integrated onto a piezoelectric actuator using
SU8 polymer bonding. d) Microscope image of the device in c) fully contacted,
with a SIL attached to improve extraction efficiency.
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Realization of this QD device design requires bonding of a macroscopically
flat and thin QD sample to the piezoelectric substrate. One method to thin
the samples is the mechanical lapping of the QD sample backside using the
equipment described in the previous section 5.1 for polishing. The difference
to polishing lies mainly in the larger amount of material removal and the less
stringent requirements regarding surface smoothness. Typically, it is possible
to lap 500 µm thick GaAs samples to a final thickness of 40 µm without the
sample breaking into smaller pieces (Fig. 5.2 b)).

For the removal of the initially large amounts of materials, it is possible
to use coarser 35µm diamond paper, before gradually changing to finer grade.
The removed thickness of the finer paper should exceed the coarseness of the
preceding step in order to remove defects introduced by the coarser paper. As
an example, the 15 µm paper should remove at least 30µm thickness. When
using the Multiprep polishing system the parameters are set very similar again,
with slow lapping speed and low pressure settings. After reaching the desired
thickness, immersing the sample in Aceton allows to dissolve the polishing wax
and release the sample onto a lint-free soft tissue.

The next step consists of bonding the sample to the piezoelectric actuator.
Polymer-based bonding using the photoresist SU8 is a reliable sample integration
technique providing high strain transfer at low temperature [103]. Application of
SU8 to the typically millimeter-sized bonding area requires a fine brush or foam
head swap. The photoresist is initially liquid at room temperature, but quickly
dries out after application to the piezoelectric actuator surface. The sample
transfer therefore needs to take place quickly, since only soft SU8 is capable of
filling out properly the gap between substrate and sample. Pick and place of
the thinned QD sample onto the SU8-covered actuator surface then requires a
suitable tool, like an electrostatically-charged plastic tip, commercially available
vacuum tweezers or high quality soft plastic tweezers.

After sample transfer follows curing of the SU8 for 10 min at 220 °C on a
hotplate using 1 °C/ sec ramping speed. An example of a successfully bonded
large sample with GaAs QDs is shown in Figure 5.2 c). Next, the device is
glued to a suitable sample holder using silver glue (see Section 5.3). The device
is then ready for electrical contacting or for mounting an additional SIL to
improve extraction efficiency (Fig. 5.2 d)).

A different method for integrating QD samples onto piezoelectric actuators
is via the flip-chip bonding and back-etching process [104]. This method
achieves much thinner sample thicknesses of typically only 500 nm resulting
in highly-strainable large-area nanomembranes [105]. To achieve large area
nanomembranes with very low thickness, the sample growth includes a high-
quality Al-rich (> 75 %) AlGaAs etch-stop layer of typically 100 nm thickness
separating bulk from nanomembrane material. The layer enables stopping the
etching deterministically at the nanomembrane target thickness by employing
an etching step with high selectivity of GaAs over AlAs.
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Prior to bonding, the QD sample top surface receives a Cr/Au = 10/100 nm
coating, similar to the piezoelectric substrate (see section 5.1). In the flipped
geometry, this metallic layer sits right below the QD layer where it serves as
a metallic back-reflector coupling the QD emission more efficiently out of the
semiconductor host material.

The entire process works well both with samples comprising of GaAs
droplet-etched and in-filled QDs operating in the NIR, and with InAs Stransky-
Krastanov QDs at Telecom wavelengths. Figure 5.3) shows the process schemat-
ically for the GaAs QDs, with the main steps of bonding, bulk material non-
selective etching and nanomembrane selective etching.

Piezoelectric actuator

QD sample
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Bonding Bulk material etching

GaAs AlGaAs AlAs Au

Selective etching

Figure 5.3: Schematic illustration of the nanomembrane fabrication process. The
individual steps are: bonding of the flipped QD sample onto the piezoelectric
actuator, non-selective wet-chemical etching to remove most of the bulk, selective
wet-chemical etching to remove only GaAs and finally removal of the AlAs
sacrificial layer.

For the bonding process, dedicated flip-chip bonding systems, like the
Paroteq H system, are available, offering controlled process parameters to
enable high repeatability. Such systems typically comprise of a hot plate with a
vacuum hole to hold the sample and a pickup tool positioned vertically above
holding the piezoelectric actuator also using vacuum. The bonding process
then consists of placing the pickup tool at the right position laterally and then
moving the surface of sample and piezoelectric actuator vertically into contact
(Fig. 5.4 a)). A beam splitter based optical setup supports the positioning
by showing an overlay image of the two surfaces during the lateral alignment.
A thin layer of SU8, applied to the sample right before the bonding, acts as
the bonding polymer. A foam head swap can soak up excess SU8 to ensure
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a homogeneous bonding layer result. The SU8 needs to rest 5 min to avoid
trapping of air bubbles below the nanomembrane which would lead to cracking.
The bonder heating curve setup is a single ramp with 1 °C s−1 up to 220 °C
which is held for 10 min, followed by a ramp to room temperature with the
same speed. A low bonding force setting of 50 cN is sufficient to ensure intimate
contact of sample and piezoelectric actuator during the bonding.
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Figure 5.4: Flip-chip bonding and back-etching process of an InAs QD sam-
ple. a) Photograph of the flip-chip bonding process using the Paroteq H
system. b) Citric acid selective etching of a device exposing the sacrificial
etch-stop layer (purple color). c) Finalized piezoelectric strain-tuning device
with nanomembrane featuring additional Au positioning markers fabricated by
e-beam lithography and lift-off.
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The subsequent back-etching step aims to completely remove of the bulk
material, thereby releasing the nanombembrane hosting the QDs. It consists
of performing a sequence of non-selective and selective chemical wet etching
of the sample back side. Releasing large-area nanomembranes requires very
homogeneous and directional etching, ideally with a mirror-like etched surface.
The etching typically requires immersing the device into the etch solution, hence,
the sample side faces and the piezoelectric actuator need protection from being
etched. The optical photoresist S1818 is etch resistant and easily removed in
Aceton, making it very suitable to temporarily coat the entire device apart from
the sample back side. S1818 is also necessary to glue the device to a larger
square piece of silicon or similar in order to provide mechanical stability during
the etching. A short curing step performed on a hotplate at 90 °C provides a
stable protection layer also for longer etching times.

The etching recipe for the first non-selective etch step to remove most of
the material in a short time is:

1. Etch solution preparation: Prepare H3PO4 (Orthophosphoric acid 85 %) :
H2O2 (Hydrogen peroxide 35 %) = 10 : 20 measured using glass pipettes
and mixed together in a glass container by using a large magnetic stir
bar 5 min at 700 rpm. Then switch to a smaller magnetic stir bar and
turn the speed down to 300 rpm.

2. Etch rate calibration: Prepare an etch test dummy from a small piece
of GaAs wafer covered partially with S1818 cured at 90°. Keep the
agitation speed of the etch solution at 300 rpm. Immerse in the etch
solution for 5 min while keeping the sample surface horizontally, then
stop in DI water and remove the S1818 with Acetone. Measure the
step height using a profiler. This etching step achieves up to 50 µm
corresponding to 10 µm/min. The etch results in a mirror-like surface.

3. Etching the sample: Immerse the sample and keep the etch surface
horizontally. Clamp the sample with etch-resistant tweezers to hold it
above the magnetic stir bar and keep the agitation speed at 300 rpm.
Use the calibrated etch rate to estimate the time for reaching half the
target etch depth. Observe the result in an optical microscope and
determine the actual progress using a graded focus adjustment knob and
20x magnification objective. The etch rate can drop below 6.6µm/min
during the etching. Continue etching with the newly determined etch
rate and remove half of the remaining thickness and repeat until 60 µm
remain but avoid etching beyond the etch-stop layer. Stop the etching
by immersing and rinsing with DI water.

The second etching step is selective to GaAs over AlAs [106] and has to
follow right after the previous step with little delay.

1. Etch solution preparation: In a glass container, mix citric powder with
DI water 1 : 1 (in weight) measured using a precision scale. Fully dissolve
the powder for 15 min at 36 °C by using a large magnetic stir bar at
700 rpm until the solution becomes transparent. In a new glass vessel,
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add citric acid : H2O2 (Hydrogen peroxide 35 %) = 5 : 1 measured using
glass pipettes and mix using a small magnetic stir bar 1 min at 700 rpm.
Reduce the speed to 300 rpm for the etching.

2. Etch rate calibration: Prepare an etch test dummy as described in the
first step. Calibrate the etch rate in the same way. This etching achieves
only 1.5 µm in 5 min corresponding to 0.3µm/min.

3. Etching the sample: Proceed in a similar way as with the non-selective
etching. It is not necessary to monitor the removed thickness. Observe
the sample in regular intervals under the microscope. Initially, the etch
surface turns rough since this etching does not produce a mirror-like
surface. Continue the etching until the etch-stop layer appears as a
shiny flat surface with slightly different color. If possible, wait for the
complete removal of the bulk material to fully expose the etch-stop layer,
but take care to not over-etch through the sacrificial layer and into the
nanomembrane. Stop the etching by immersing and rinsing in DI water.

The selective etching results in the nanomembrane etching deterministically
stopped at the etch-stop layer (Fig. 5.4 b)). To finalize the process requires
removal of the etch-stop layer without etching the underlying nanomembrane
material. Hydrofluoric acid (HF) etches AlAs very selectively over GaAs,
however, it is also very dangerous. Hydrochloric acid (HCl) is a less dangerous
substitute, but to achieve the same result requires elevating the temperature
to 30 °C during the application [107]. Dipping the sample for 1 min in a vessel
filled with warm HCl results in a clearly visible color change on the sample
surface as the sacrificial layer is removed.

After immersing and rinsing the sample in DI water to fully stop the etching
follows the removal of the S1818 using Acetone and IPA. It is important to only
briefly apply the Acetone (by using a wash bottle) in order to avoid dissolution
of the SU8. The IPA step not only cleans the sample but also fully deactivates
the etching process, which otherwise would continue and destroy the surface
within just a few hours. Figure 5.4 c) shows an optical microscope image
of a finalized InAs QD nanomembrane strain-tunable device with additional
markers fabricated on the nanomembrane using an optical lithography and
lift-off process.

5.3. Measurements with piezoelectric strain-tuning QD
devices

Operating piezoelectric strain-tuning QD devices requires to electrically contact
the top and bottom surfaces of the piezoelectric actuators individually. However,
the available space to build a circuit is limited by the sample space in the
cryostats required for sample cooling. The design is therefore as simple as
possible, with the cryostat sample holder serving at the same time as the device
ground contact. Conductive silver paint applied to a small part of the sample
holder allows to attach and fix a corner of the actuator. The silver glue dries
15 min in ambient conditions after which it is fully conductive. After drying, it
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is then possible to ground the bottom electrode of the actuator directly through
the sample holder.

Contacting the top electrode is possible with an Al wedge bonder. This
tool uses a wedge shaped needle to which it applies pressure and ultrasound in
order to precisely bond the end of a 33µm-thick Al wire to the Au electrode.
The low weight of the wire minimizes the mechanical load on the piezoelectric
actuator, allowing it to move unobstructed. The other end of the wire then
connects to a contact pad of a printed circuit board (PCB). Vacuum-compatible
epoxy (Stycast), hardened over 24 hours, provides good mechanical stability to
then solder an electrical cable connecting to the cryostat DC feed-through.

If sample space is very limited, it is possible to further miniaturize the design
by using AlN sample holders patterned with Au or Cu contacts (Fig. 5.5 a)).
The AlN substrate is not conductive but provides sufficient heat conductivity
for sample cooling.
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Figure 5.5: Strain-tuning with QD devices. a) Photograph of the Al wire
bonding process of a mechanically thinned GaAs QD sample device, which is
attached to an AlN chip carrier and glued on an Attodry 800 sample holder.
b) Intensity map of PL spectra from a single QD in a nanomembrane sample
integrated on a piezoelectric strain-tuning device. The spectra feature sharp
emission lines tuned in wavelength by sweeping the voltage applied to the
piezoelectric actuator.

Outside the cryostat, the electrical feed-throughs connect to a DC high-
voltage source. The Keithley 2410 Source Measure Unit is well-suited for driving
piezoelectric actuators for experiments, since it provides high bipolar voltage
of up 1100 V. It offers several interfaces for computer control using LabVIEW
code or similar.

Piezoelectric actuators like PMN-PT require an initial poling step in order
to align the individual domains in the crystal along a common axis and achieve
a large macroscopic piezoelectric response. For this purpose, the voltage source
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needs to ramp up the voltage slowly above the critical voltage at room tem-
perature. A ramping speed of 2 V/ sec is slow enough to avoid damaging the
piezoelectric actuator. The critical voltage varies between individual samples,
but typically a 200 µm thick substrate requires not more than 100 V for poling.
The poling process takes place with the sample in vacuum in order to avoid
possible shortening of the piezoelectric actuator electrodes. Successful poling
shows as a pronounced increase in current while ramping the voltage, reaching
a sharply-peaked maximum of a few µA at the poling voltage, then decreasing
quickly as the voltage increases further. During the sample cooldown the voltage
source keeps the voltage at 150 V well above the critical value to avoid losing
the poling which would negatively affect device performance.

Piezoelectric actuator devices based on PMN-PT substrates that offer large
straining capabilities even at low temperatures need careful handling when used
to tune the wavelength of a QD emitter. Large changes in the voltage setting
require to approach the target voltage slowly using a voltage ramp of around
2 V/ sec. Voltage ramps with increased ramping speed should be avoided, since
they can lead to noticeable creep where the piezoelectric actuator takes several
minutes to settle.

During the voltage ramp, the individual QD emission lines then undergo a
wavelength shift linearly depending on the applied voltage (Fig. 5.5 b)). Strain-
tuning devices with backetched QD nanomembrane samples typically allow to
shift the QD emission wavelength by 1.25 nm kV−1 at 795 nm. This shift is
reversible and repeatable over several cycles.





Chapter 6

Parabolic mirror microcavity

A variaty of photonic structures have shown to significantly enhance the ex-
traction of QD emission. In particular, optical horn antennas provide increased
photon collection into the first lens of up to 11 % at 1.5 µm [108]. The geom-
etry in principle offers the possibility for high efficient coupling into optical
fibers [109], [110].

Similar to the optical horn antenna, a parabolic backside mirror can enhance
the directionality of the reflected QD emission [111], but with much larger
focusing power. A QD parabolic mirror microcavity then allows for broadband
operation since it realizes a low-Q cavity favoring a vertical light collection
geometry. An optimized structure allows for Gaussian farfield radiation which
is a requirement for efficient coupling to standard optical fibers.

Combination with piezoelectric strain-tuning enables further to tailor the
optical properties of the QD emitter, in particular the emission wavelength. The
integration of samples with parabolic microcavity onto a piezoelectric actuator
presents a novel method to realize a QD device capable of providing single-
photons and cascaded photon pairs with high extraction efficiency, Gaussian
farfield radiation pattern and wavelength-tunability.

6.1. Device concept and simulation

The parabolic mirror microcavity QD device, schematically depicted in Figure 6.1
a), contains a single QD at the focal point of the parabolic backside mirror. This
results in strong collimation of the QD emission for highly-directional emission
towards the top. However, the interface between the sample top surface and
the surrounding air leads to a partial reflection of the QD radiation back into
the structure.

The distance between top surface, QD emitter and parabolic backside
mirror, together with the focal length of the parabolic mirror define the re-
sulting microcavity. The transmission then features resonant modes for cavity
dimensions meeting the resonance condition [112]. Spontaneous emission into a
single cavity mode in the weak coupling regime can result in a Purcell-enhanced
increased emission rate, provided that the QD position matches the anti-node
of the electric field for the resonant mode of the cavity.
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Figure 6.1: Parabolic mirror microcavity QD device design and simulation. a)
Schematic illustration of the device design, featuring a QD in a microcavity
with parabolic Au backside mirror integrated on a piezoelectric actuator. b-d)
FDTD Simulation results using Lumerical, with: b) Parameter-sweep of the
structure diameter and evaluation of the extraction efficiency and Purcell factor.
c) Electric field distribution inside and above the cavity. d) 3D far field emission
pattern. Adapted from paper 5.

Simulations using the Finite Difference Time Domain (FDTD) method allow
to optimize photonic structures for QD emitters and extract key parameters
such as the extraction efficiency, Purcell factor, electric field distribution and
far-field emission-pattern (Fig. 6.1 (b-d)). The Lumerical software package
provides an environment to set up the simulation using a graphical interface.
A single dipole emitter represents the QD emitter, with a simple Gaussian
frequency spectrum allowing to extract the device performance for a range of
frequencies. The simulation then progresses until the emitted dipole power fully
radiates off the device.

The radiated emission in the near field (Fig. 6.1 c)) further propagates using
far field projection from which the 3D emission pattern can be reconstructed
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(Fig. 6.1 d)). The extraction efficiency is then the ratio of the radiated power
through a power monitor integrated over the collection cone angle devided
by the total dipole power. Sweeping the device geometry, in particular the
structure diameter (Fig. 6.1 b)), reveals the optimal conditions, with ideally up
to 63 % extraction efficiency for a typical objective with NA = 0.8.

6.2. Device fabrication and measurement

A monolithic piezoelectric actuator operates in a planar geometry and enables
strain-tuning of thin QD samples. The flip-chip bonding and back-etching
process allows to realize a QD nanomembrane with a flat Au back-mirror as
described in section 5.2. Realization of a parabolic microcavity structure requires
additional processing steps for the QD sample prior to nanomembrane fabrication
in order to achieve the parabolic shapes. For this, the sample undergoes a novel
fabrication method of photoresit thermal reflow [113] and shape transfer by
directional dry etching [114]. The process is shown schematically in Figure 6.2.

In a first step, the sample receives a spin-coated layer of S1818 followed by a
photolithography step producing well-defined µm-sized photoresist pads, using
either a contact mask aligner like the Karl Suss MJB3 or a projection system
like the smartprint. Thermal reflow on a hotplate then melts the photoresist
into a rounded shape resembling a paraboloid. A reactive ion etching (RIE)
system, like the Oxford Plasmalab 100, enables the transfer of the photoresist
shape into the sample through highly-directional etching with high selectivity.
The etching results in a smooth surface and requires no additional wet-etching.

The details for the individual processing steps required for the paraboloid
fabrication are:

1. Optical lithography: Spin-coat 2 µm positive resist S1818, soft-bake 1 min
at 115 °C and expose a regular pattern of circles with 2.1 µm diameter
separated by 7 µm. This step allows also to expose reference structures,
such as large squares of 60µm× 60 µm to define regular flat mirror
nanomembranes. Develop in MF319 for 25 sec and stop in DI water.

2. Thermal reflow: Heat the photoresist on a hotplate gradually to 180 °C,
well above the glass transition temperature. Reflow for 15 min in order
to achieve a smooth parabolic photoresist surface and harden the resist
for the later dry etching. Higher temperatures can further increase
etch-resistance. Let cool down to 100 °C without moving the sample,
otherwise the parabolic shape might get disturbed by the movement.

3. Chemically-assisted dry etching: Fix the sample on a Si wafer with
vacuum grease. Etch for 2 min in a Cl2/Ar = 5/60 sccm inductively
coupled plasma (ICP) at a low pressure of 10 mTorr. Use an ICP power
of 500 W to activate the chemical etching and an RF power of 200 W. A
lower pressure results in more directional etching as the mean free path
of the ions increases. Remove any residual photoresist with remover AR
600-71 and ultrasonic.
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Figure 6.2: Schematic illustration of the paraboloid fabrication. The process
starts with photo- or e-beam lithography to define circular templates. Then
follows thermal reflow of the photoresist to obtain photoresist paraboloids and
dry reactive ion etching to transfer the photoresist shape into the QD sample.
After removal of residual photoresist, the process finishes with Au metallization
for the mirror layer.

The shape transfer is a result from the slow etching of the photoresist which
causes the resist to shrink and gradually expose more of the sample to the
plasma. The aspect ratio of the result depends directly on the selectivity S of
etching the sample over the photoresist. The parabolic shape approximates the
curved photoresist well and the focal length f of the etched structures is then
estimated through:

f = d2/(16hS) (6.1)

, with d and h the diameter and height of the initial reflown photoresist circles,
respectively.

After a successful shape transfer it is crucial to remove any remaining
photoresist using Acetone or remover AR 600-71 in an ultrasonic bath, followed
by cleaning with IPA. Residual strongly cross-linked photoresist can be removed
by ashing in an O2 plasma. Afterwards, the sample receives the mirror layer by
metallization with Cr/Au = 5/100 nm. Then, the sample undergoes flip-chip
bonding onto a piezoelectric actuator and wet-chemical back-etching (Fig. 6.3),
with the processing parameters described in Section 5.2.

Figure 6.4 shows a device featuring GaAs QD embedded in parabolic
microcavities during different steps of the fabrication. After the dry-etching
step, it is possible to characterize and evaluate the shape of the result by atomic
force microscope (AFM) and scanning electron microscope (SEM) (Fig. 6.4 a)).
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Figure 6.3: Schematic illustration of the parabolic microcavity fabrication
process. The process starts with the transfer to the piezoelectric actuator by
flip-chip polymer-based bonding. Then follows the substrate removal in two
back etching steps using first non-selective and then selective chemical wet
etching stopping at the etch stop layer. The process concludes with the removal
of the sacrificial etch stop layer using another selective etching step.

The emphasis lies on a low roughness of the etched surface and sidewalls, and
further on a correct focal length corresponding to the distance of the QD layer
from the apex of the paraboloid. The presented process can achieve a very low
root-mean-square surface roughness of 5 nm and a deviation from the parabolic
shape of 28 nm.

An optical microscope image of the resulting backetched sample surface is
shown in Figure 6.4 b) and features areas with flipped parabolic microcavities
separated by regions with Au-metallized SU8. There are further regions with
larger rectangular nanomembrane structures featuring planar backmirror which
are used as a reference in the subsequent brightness characterization. During
the Acetone and IPA cleaning following the back-etching, Acetone can in some
areas soak the SU8 through small cracks and holes in the Au film, resulting in
the bonding layer swelling up locally around the defect. A short bake on a hot
plate at 90 °C can remove the swelling and restore a flat sample surface in those
areas.

After a successful sample transfer follows the final step of gluing the sample
to a suitable chip carrier, like a Au patterned AlN substrate, allowing to contact
the piezoelectric actuator using Al wire bonding (Fig. 6.4 c)) and loading of the
finalized device to the cryostat for measurements (see Section 5.3).
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Figure 6.4: Parabolic mirror microcavity on a piezoelectric actuator fabrication
with a GaAs QD sample. a) Colored SEM image of the dry-etched parabolic
shapes under a viewing angle of 80°. The coloring indicates different Al content
of the layers. b) Optical microscope image of the backetched sample surface
under high magnification with parabolic mirror microcavities (grey circles) and
a planar reference (right) separated by the Au film. c) Photograph of the
finalized device featuring parabolic microcavities in a nanomembrane integrated
on an AlN sample holder.

In Figure 6.5, µ-PL measurement results at 5 K for the device in Fig. 6.4
are presented. In direct comparison, the GaAs QD in a microcavity with
parabolic back-mirror shows an increased brightness for the full spectrum under
cw-excitation by more than an order of magnitude over QDs in the reference
structures with flat back-mirror on the same sample (see Figure 6.5 a)). Further,
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the collection efficiency into the first lens has been determined to 12% by
measuring the integrated counts of the main QD transitions (X, XX and T)
under pulsed excitation and comparing to a reference laser reflected off the Au
surface next to the structures. Here, a reliable reference measurement requires
preparing the reference laser with spectral width and wavelength comparable
to a QD transition, and attenuating the laser power to a level similar to the
QD emission intensity using well-characterized neutral-density filters.
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Figure 6.5: Bright and strain-tunable QD in microcavity with a parabolic
back-mirror. a) Comparison of the µ-PL spectrum of a QD in microcavity with
parabolic back-mirror to a reference QD with flat mirror (10x magnified). b)
Piezoelectric strain-tuning of the µ-PL spectrum of the same QD in parabolic
microcavity to the 87Rb D1 transition. Inset: µ-PL spectrum of the same QD
while applying repeated voltage sweeps to the piezoelectric actuator. Adapted
from paper 5.

The device further allows to reversibly strain-tune the parabolic mirror
microcavity QD emission wavelength by 0.5 nm/kV in a linear way (see Fig-
ure 6.5 b)). The tuning range of the device has allowed to shift the brightest
QD emission line (X) to the 87Rb D1 atomic transition relevant for interfacing
the QD photons with natural atomic systems [115]. The XX transition has been
directly addressed using TPE to efficiently generate photon pairs via the XX-X
cascade with low probability for re-excitation. The sample was excited with a
high repetition rate of 320 MHz and still, a very low multi-photon probability
with g(2)(0) = 0.013± 0.004 was measured.

Based on the simulations, a large improvement can be expected by determin-
istic positioning of the structures to pre-selected QDs to align the emitters in the
center of the parabolic microcavities. Optimized structures offer high coupling
efficiencies to a standard optical fiber positioned on top in close contact with the
planar microcavity-air interface. Precise fiber alignment, such as deterministic
in-situ fiber coupling, could enable the realization of a compact, easy-to-use
and robust fiber-based QD light source [116].





Chapter 7

Conclusions and Outlook

In summary, epitaxial semiconductor QDs are excellent single- and entangled-
photon sources allowing for the fabrication of devices with high brightness and
strain-tunable spectral properties. Devices fabricated in this thesis are based
on GaAs QDs emitting in the near-infrared (795 nm), InAs QDs emitting in
the Telecom C-band (1550 nm) and waveguide-coupled InAsP/InP nanowire
QDs. Strategies for light extraction include DBRs, SILs and novel parabolic
mirror microcavities and aim to enable efficient photon collection from the
high-refractive index sample material. For strain-tuning, monolithic and micro-
machined piezoelectric actuators tune the quantum dot emission wavelength
and fine-structure splitting in a linear and reversible way.

Bright and strain-tunable GaAs QD devices:

Samples of highly-symmetric droplet-etched and infilled GaAs QDs grown with
MBE emit close to the atomic transition 87Rb D1 relevant for single-photon
storage in vapor-based quantum memories with application in a quantum re-
peater scheme and quantum-teleportation. In Paper 1, a device featuring a
sample with GaAs QDs embedded in a DBR cavity and outfitted with a Weier-
strass SIL allowed to measure unprecedentedly low multi-photon probability of
g(2)(0) = (7.5± 1.6)× 10−5 using TPE. For Paper 4, a similar device showed
highly-indistinguishable consecutive photon emission under resonant excitation
with a raw visibility of Hong-Ou-Mandel interference of (95.0+5.0

−6.1)%. In Paper
6, the development and fabrication of a novel device featuring parabolic micro-
cavities on a piezoelectric actuator allowed to increase the collection efficiency
for the embedded QDs to 12% and enabled to tune the emission to 87Rb D1.

Strain-tunable Telecom InAs QD devices:

InAs QDs grown on an MMB layer by MOVPE generate single- and entangled-
photons at 1550 nm in the telecom C-band. Samples with optimized growth
parameters show a low fine-structure splitting and allow for incorporation of
DBRs for enhanced brightness. Mechanical thinning by lapping the sample
backside and polymer-based gluing enables the integration on piezoelectric ac-
tuators for strain-tuning. In Paper 2 we integrate a mechanically-thinned InAs
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QD sample on a piezoelectric strain-tuning actuator and realize a wavelength-
stable triggered source emitting single and cascaded photon pairs at this wave-
length. The InAs QD sample features a bottom DBR for improved brightness
and allows for single photon generation with low multi-photon probability of
g(2)(0) = 0.097 ± 0.045 using TPE. In Paper 6, we demonstrate on-demand
generation of strongly entangled photons with (91.4± 3.8)% concurrence using
phonon-assisted exication. In Paper 7, a patterned micromachined piezoelectric
actuator allows to tune the fine-structure splitting close to zero. With this, we
suppress dephasing caused by the fine-structure splitting and measure entangled
photons with a concurrence of 80% even with moderate temporal binning.

Hybrid quantum photonic circuits with InAsP/InP nanowire QDs:

InAsP QDs in InP nanowires allow for deterministic integration and coupling
to SiN waveguide structures with a scalable pick-and-place process. In Paper 3,
SiN photonic circuits with waveguide-coupled nanowire QDs directly fabricated
on piezoelectric actuators feature strain-tunable QD emission wavelength. Ad-
ditional encapsulation increases strain-transfer resulting in a four-fold increase
in tuning range to 1.6 nm. The actuator allows further to tune on-chip ring
resonator filters, thereby providing an alternative to temperature tuning which
would not be compatible with operating QDs in close vicinity.

Future work

The progress made in recent years on devices with QDs operating in the near-
infrared and at telecom wavelengths is remarkable. However, continued efforts
are required in engineering the properties of these emitters and improving device
fabrication techniques to further increase brightness and tunability. Precise
positioning of individual QDs within photonic cavities or wave-guiding structures
is crucial for optimal operation of the emitters and efficient light collection.

Piezoelectric strain-tuning provides a powerful tuning knob for tailoring the
spectral properties of the QD emission. Large induced strain and full control of
the strain tensor has many applications apart from reducing the fine-structure
splitting. Of great interest are further devices that combine strain-tuning with
other tuning methods, such as devices with QDs additionally embedded in
pin-diode structures allowing for electric-field tuning and charge control.

As device complexity increases, individual fabrication steps need to be
well-controlled and ideally automatized to improve overall fabrication yield and
reproducibility. With continued efforts in developing QD devices for quantum
photonics, many experiments and envisioned real-world applications become
feasible by employing well-packaged, easy-to-use, bright and tunable on-demand
single- and entangled-photon sources.



Appendix A

Piezoelectric control of in-plane strain tensor

The Chauchy stress tensor describes the stress in three dimensions as:

σChauchy =



σxx σxy σxz
σyx σyy σyz
σzx σzy σzz


 (A.1)

The tensor is symmetric (σij = σji) leaving 6 free parameters. In the
Voigt-notation, they are defined as:




σ1
σ2
σ3
σ4
σ5
σ6




:=




σxx
σyy
σzz
σyz
σxz
σxy




(A.2)

In elastic materials, deformation results in the building up of internal stress.
Materials with piezoelectric properties develop an electric polarization field P
in response. In the linear regime, the piezoelectric constants d characterize this
so-called ”direct piezoelectric effect” through P = d · σ, with:

d =



d11 d12 d13 d14 d15 d16
d21 d22 d23 d24 d25 d26
d31 d32 d33 d34 d35 d36


 (A.3)

An external electric field applied to a piezoelectric material leads to a
deformation of the material through the converse piezoelectric effect. The
deformation, or strain ε, then relates to the applied electric field through
ε = d · E with the same tensor d for the piezoelectric constants.

The piezoelectric ceramic PMN-PT requires aligning of all the piezoelectric
domains prior to use through poling by applying a strong electric field at room
temperature. For a PMN-PT crystal cut in (001) and poled along the z-direction
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the tensor simplifies to:

d =




0 0 0 0 d15 0
0 0 0 d15 0 0
d31 d31 d33 0 0 0


 (A.4)

Piezoelectric strain-tuning of thin samples attached to the top (001) surface
leads to the transfer of isotropic biaxial strain ε|| in-plane (the xy-plane). Tensile
(compressive) strain then results in positive (negative) values of ε||, respectively.

Other crystal cuts or sample mounting geometries can allow for inducing
an in-plane strain anisotropy. The general in-plane strain configuration requires
a 2D tensor description:

ε|| =

(
εxx εxy
εyx εyy

)
(A.5)

It is possible to diagonalize this matrix and switch to the principle coordinate
system where the shear strain components vanish. Then, the resulting major
(minor) strain component corresponds to the larger (smaller) eigenvalue of the
matrix, respectively. The difference between major and minor strain together
with the angle of the major coordinate axis characterizes the strain anisotropy.

The deformation potential theory describes the effect of strain on semi-
conductor materials. Isotropic compressive (tensile) strain results in a band
gap increase (decrease), respectively, for materials like GaAs with a negative
hydrostatic deformation potential [117]. This results in a linear shift of the
energy of excitonic emission lines for the semiconductor and embedded quantum
dots. Further, it is possible to tune and suppress the fine-structure splitting in
quantum dots by properly aligning the anisotropy angle [47].

PMN1−x-PTx (001) substrates, with x around 33%, provide giant piezo-
electrity an order of magnitude larger than the commonly used PZT [118].
Substrates with d33 > 1500 pC N−1 are commercially available (TRS, Biotain
Crystal) and typically d33 ≈ 2d31.



Appendix B

Quantum dot localization with optical markers

Imaging QD samples in a µ-PL setup allows to localize individual QDs precisely
with respect to markers [119]. In a first step, this requires fabrication of markers
on the QD sample using e-beam lithography, Au metallization and lift-off. The
e-beam lithography design is crucial as it needs to define a coordinate system
that allows to unambiguously define the QD location.

A grid of 100 nm-thin lines subdivides the sample into marker fields, and a
combination of letters, numbers and dot markers enables to identify individual
fields. On millimeter-sized samples it can be beneficial to use a global grid
subdividing the sample in several nested subfields. A marker field design ideally
matches the imaging field of view used during µ-PL characterization of the QD.

For the imaging, a low-level white light illumination provides enough contrast
to identify the grid lines while a defocused excitation laser excites the QDs.
Carefully adjusting the imaging acquisition parameters and filtering out the
excitation laser (e.g. 760 nm band-pass) then results in QDs appearing as point
emitters in the image. At the same time, the µ-PL setup allows to pre-select
QD with good spectral properties (Fig. B.1 a)).

In the next step, the acquired images are used for scripted marker- and QD-
position detection through fitting. For this, the images first undergo an image
correction step to improve quality and remove uneven background. Calibration
images of fine grids enable to characterize image distortion which can be removed
using affine transformation. A 2D Gaussian fit of the QD emission then provides
the QD position relative to the fitted markers.

In the final step, the sample undergoes a second e-beam lithography step,
this time with the design updated with the individual QD positions obtained
from the fitting (Fig. B.1 b)). The e-beam lithography defines the nanostructure
for subsequent processing steps.

In the case of parabolic microcavity fabrication, a working recipe is based
on the e-beam resist AR-P 6200 (CSAR). This resist is capable of thermal
reflow by heating for 15 min at 150 °C on a hotplate (180 °C for improved etch
resistance). The e-beam lithography then defines the circular pads surround by
a clearing ring at the QD locations (Fig. B.1 c)). The resist thickness, together
with the dimensions of pad and clearing ring, then define the aspect ratio of
the reflown paraboloids. A pad radius of 0.5 µm, clearing ring radius of 1.25 µm
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Figure B.1: Localization and positioning of QDs using imaging. a) Microscope
image of a GaAs QD sample in the µ-PL setup with cross-shaped Au markers
and emission from QD 6 close to the center. b) E-beam lithography design
for the same sample using the QD position data to define circular pads and
clearing circles. c) Microscope image of the e-beam lithography result on the
same sample with e-beam resist pads ready for resist reflow.

and initial resist height of 600 nm results in high aspect ratio paraboloids after
the reflow. The subsequent dry-etching step then transfers the parabolic shape
from the e-beam resist into the substrate.
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Papers





Summary of the papers

Paper 1

On-demand generation of background-free single photons from a solid-state
source

Quantum optics applications, such as the all-optical quantum repeater, require
bright non-classical light sources emitting single photons on-demand. Optically-
active semiconductor QDs have developed into ideal candidates by improving
their single- and entangled-photon emission properties. We demonstrate un-
precedentedly low multi-photon probability for our QD single-photon source,
with g(2)(0) = (7.5± 1.6)× 10−5 obtained without background subtraction or
temporal post-selection. Such a low g(2)(0) has not been reported before for
any single-photon source.

The single-photon source features a sample of droplet-etched and infilled
GaAs QDs embedded in a DBR-cavity structure, which we outfit with a Weier-
strass SIL on top. We operate the device by exciting resonantly the XX state
using TPE in order to lower the probability for re-excitation. The absence
of a background in the time-correlated data is due to the use of SSPDs with
very low dark count rate for detection. Our results highlight the importance of
semiconductor QDs for non-classical light generation in future applications.

Paper 2

A stable wavelength-tunable triggered source of single photons and cascaded
photon pairs at the telecom C-band

Wavelength-tunable non-classical light sources operating in the telecom-C band
are a crucial building block for implementing a fiber-based quantum internet.
Piezoelectric strain-tuning is a viable semiconductor QD post-growth tuning
method allowing to reversibly tune and thereby stabilize the emission wave-
length of the emitters. We demonstrate a stable wavelength-tunable triggered
QD photon source emitting single photons at 1.55µm with low multi-photon
probability of 0.097± 0.045 and photon pair emission via the biexciton-exciton
cascade.

The device consists of a sample of InAs QDs grown on a MMB layer and
a bottom DBR, which was integrated onto a piezoelectric actuator for precise
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wavelength tuning. The strain induced by the piezoelectric actuator allows us
to reversibly shift the QD emission wavelength by 0.25 nm. Furthermore, the
wavelength is stable at the target wavelength after tuning, which allows for
long-term device operation with potential applications in more time-demanding
experiments, like entanglement swapping and single-photon storage in quantum
memories.

Paper 3

Strain-Tunable Quantum Integrated Photonics

Nanowire QDs are excellent solid-state single- and entangled-photon emitters
with high light-extraction efficiency. Deterministic integration of nanowire QDs
into photonic waveguides is a well-established and scalable process. Piezoelectric
strain-tuning of nanowire QDs has proven a viable post-growth wavelength-
tuning method. We demonstrate a novel device of a hybrid quantum photonic
circuit providing strain-tunability for a waveguide-integrated nanowire QD and
a planar integrated optical resonator.

For this, we prepare a piezoelectric substrate for direct on-chip SiN waveg-
uide fabrication and subsequent InAsP/InP nanowire QD transfer. The piezo-
electric actuator then enables us to achieve a tuning range of up to 1.6 nm for
a site-selected nanowire QD, with stable, linear and reversible strain-tuning
characteristics. Similarly, we can reconfigure the photonic integrated circuit
by strain-tuning the ring resonator filter with a tuning rate of 0.96 pm/V. The
device realization combines bottom-up, top-down and nanomanipulation tech-
niques with the potential for further upscaling or adaptation to other photonic
platforms.

Paper 4

Resonance Fluorescence of GaAs Quantum Dots with Near-Unity Photon Indis-
tinguishability

Near-unity photon indistinguishably is a key requirement for non-classical light
sources to serve as building blocks for a future quantum network. Semiconductor
QD-based devices are promising candidates with excellent single- and entangle-
photon characteristics. With our QD photon source, we report on-demand
generation of single photons and measure a two-photon interference visibility
with a raw value of (95.0+5.0

−6.1)%. Such a high value has not been reported before
for any on-demand single-photon source without a microcavity.

We achieve this result with the droplet-etched and infilled GaAs QDs with
top and bottom DBR, which we attach a Weierstrass SIL on to achieve 20%
extraction efficiency into the first lens. We then excite the GaAs QDs with a
pulsed laser resonant to the exciton transition and perform a Hong-Ou-Mandel
measurement to extract the two-photon interference visibility. The results
show that operating the device under pulsed resonant excitation allows for
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on-demand indistinguishable single-photon generation with semiconductor QDs,
a key requirement for envisioned quantum communication applications.

Paper 5

GaAs Quantum Dot in a Parabolic Microcavity Tuned to 87Rb D1

The development of novel QD devices is highly relevant to be able to fully utilize
the potential of QDs to generate single- and entangled-photons. We develop a
new type of broadband QD microcavity based on a QD nanomembrane with a
parabolic Au backside mirror. The structures allow to more efficiently direct
the reflected QD emission towards the collection optics at the top, provided the
QD sits in the focal point of the parabolic mirror. With this device, we achieve
12% efficiency for collecting single-photons into the first lens, which is one order
of magnitude higher compared to a planar backside mirror microcavity. FDTD
simulations predict a collection efficiency of up to 63% for a perfectly positioned
QD. Crucially, the structure enhances collection for the full QD emission
spectrum, including the biexciton and exciton cascaded emission relevant for
entangled-photon generation. A piezoelectric actuator allows for linear and
reversible tuning of the emission wavelength by 0.5 nm/kV, enabling us to
demonstrate bright single-photon generation at the 87Rb D1 atomic transition.

We realize our device by fabricating arrays of parabolic shapes directly into
the surface of the QD sample using photolithography, photoresist reflow and dry
etching. The sample consists of droplet-etched and infilled GaAs QDs operating
close to the 87Rb D1 atomic transition. Integration onto a piezoelectric actuator
via flip-chip bonding and chemical back-etching then allows to precisely tune the
emission wavelength with no degradation in photon collection. Operation with a
320 MHz ps-pulsed laser using TPE results in clean single-photon emission with
g(2)(0) = (0.013± 0.004). Our device shows potential for direct fiber coupling
by direct fiber-gluing and plug-and-play operation.

Paper 6

On-Demand Generation of Entangled Photon Pairs in the Telecom C-Band with
InAs Quantum Dots

Semiconductor QDs generate polarization-entangled photons via the biexciton-
exciton cascade, with potential use in future quantum communication protocols.
We demonstrate a QD on-demand entangled photon pair source operating in
the telecom C-band, which is highly relevant for interfacing the emitters with
existing telecommunication infrastructure. The measured photons are strongly
entangled, with a high maximum fidelity of (95.2 ± 1.1)% and a maximum
concurrence of (91.4± 3.8)%. The high time-resolution of our setup allows us
to observe the temporal evolution of the entangled state oscillating between Φ+

and Φ−.

The sample contains low-FSS InAs QDs grown on a MMB layer with a
bottom DBR, which we excite using a robust phonon-assisted TPE method. We
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filter the entangled photon pairs from the signal and perform time-dependent
single-photon correlation measurements using low-jitter single-photon detectors.
We then use quantum state tomography to extract the high entanglement
fidelity and concurrence. The results prove the potential of these QDs for future
application in devices with strain-tuning capabilities and photonic structures
for improved collection-efficiency.

Paper 7

Strain-controlled fine-structure for entangled photon generation in the telecom
C-band

Strain-tunable devices using micromachined piezoelectric actuators enable full
control of the in-plane strain tensor for tailoring the optical properties of
semiconductor QDs. We integrate QDs emitting polarization-entangled photon
pairs in the telecom C-band on a six-legged piezoelectric actuator. The device
allows us to study the polarization entanglement characteristics for a QD with
FSS tuned to low values close to zero and measure a peak fidelity of (90.0±2.7)%
and a concurrence of (87.5 ± 3.1)%. Crucially, the low FSS results in a high
entangled-state concurrence of 80% for correlation events binned with 512 ps
corresponding to 30% of the total QD emission, which is a four-fold improvement
when compared to the same QD with large FSS.

We fabricate the device by integrating a mechanically-thinned sample of
InAs QDs grown on a MMB layer onto a six-legged piezoelectric actuator. We
excite a single QD with a ps-pulsed laser using p-shell excitation and filter
the exciton and biexciton emission lines. We then characterize the FSS-tuning
behavior of the six-legged device using polarization-dependent measurements.
We perform a quantum state tomography measurement to extract the entan-
glement characteristics for the same dot for different FSS settings approaching
zero. Our results demonstrate that the low FSS reachable with the six-legged
device allows to efficiently generate entangled photons in the telecom C-band,
which is relevant for entangled photon-pair distribution via deployed fiber-optics
infrastructure.




