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Abstract
The range of building blocks required to perform quantum photonic tasks demonstrates
that existing photonic components based on monolithic material systems may be
inadequate. Hybrid quantum photonic circuit is emerging as an exciting �eld in
quantum photonics. The conceptual idea behind it is to combine di�erent building
blocks, which can be generally incompatible in terms of their growth and integration
conditions, in a functional circuit to form a versatile quantum photonic integrated
circuit platform. For example, near-ideal single-photon sources have been realized
in III-V platforms like GaAs. However, this platform su�ers from a relatively high
propagation loss and lacks e�cient and low-loss optical components. On the other hand,
there are platforms such as silicon nitride (Si3N4) and lithium niobate (LiNbO3), which
provide low-loss high-speed optical components like switches, modulators, and �lters.
By heterogeneous integration, we can take advantage of the strengths of each single
platform and create a hybrid platform that can potentially outperform its monolithic
constituents.

In this thesis, the heterogeneous integration of GaAs on-chip circuits containing
self-assembled quantum dots on a Si/SiO2 wafer is demonstrated. Here, we report
fabrication techniques developed for this heterogeneous integration based on the
adhesive die-to-wafer bonding method. The optical propagation loss for the GaAs
waveguides fabricated on the GaAs-on-Si hybrid substrate is measured to be � 7 dB�<<,
which is comparable with the performance of suspended GaAs circuits. In quantum
dot excitation at ) � 10 K, anti-bunched emission from individual quantum dots is
observed, con�rming that the fabrication process does not a�ect the quantum dot
performance. We have also fabricated GaAs waveguides on top of Si3N4 waveguides
embedded in a SiO2 layer. A taper-based spot-size converter structure is designed in
the GaAs waveguide layer, which enables optical light coupling between the GaAs and
Si3N4 waveguide layers. The existing limitations are well understood: for example,
the number of counts from quantum dot emission is not high enough, which makes it
challenging to measure the auto correlation function between emitted photons and
extract the exact value for 62 „0”. To reach a more precise estimate, a sample with a
lower quantum dot density, together with a narrower �ltering apparatus will be needed.
To be able to measure indistinguishability of the emitted photons, it is required to
integrate p-i-n heterostructure GaAs membranes and fabricate electrically contacted
devices.

We proposed micro-transfer printing as an alternative method to adhesive die-to-
wafer bonding for heterogeneous integration. Double-sided tapered GaAs waveguides
have been designed and fabricated as the source wafer for transfer printing. In collabo-
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ration with Ghent University, we performed successful transfer printing of standalone
nanobeam GaAs waveguides for the �rst time. In optical measurements, we demon-
strated the light transmission with a mean overall loss of 3 dB per device.

This thesis reports fabrication techniques and device characterizations for the het-
erogeneous integration of GaAs waveguides with embedded quantum dots on a SiO2
layer, which is an important step toward the heterogeneous integration of GaAs-based
devices with di�erent material systems. This heterogeneous integration can potentially
solve the major obstacle in realizing more complex photonic integrated circuits (PICs)
using CMOS processes.
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Sammenfatning
Rækken af byggesten, som er nødvendige for at gennemføre kvantefotoniske opgaver,

viser, at de eksisterende fotoniske komponenter baseret på monolitiske materialesyste-
mer kan være utilstrækkelige. Hybride kvantefotoniske kredsløb er et nyt og hastigt
voksende felt indenfor kvantefotonik. Konceptuelt er idéen at kombinere forskellige
byggeklodser, som individuelt ikke er direkte kompatible med hensyn til vækst- og
integrationsmetoder, så de danner en alsidig platform til funktionelle kvantefotoni-
ske integrerede kredsløb. For eksempel er næsten ideelle enkeltfoton-kilder blevet
realiseret i III-V platforme som GaAs. Denne platform lider dog af relativt store pro-
pageringstab og mangler e�ektive optiske komponenter med lavt optisk tab. På den
anden side tilbyder platforme som siliciumnitrid (Si33N4 ) og lithiumniobat (LiNbO3 )
lave optiske tab og hurtige optiske komponenter som switches, modulatorer og �ltre.
Gennem heterogen integration kan vi skabe en hybrid platform, som kan drage fordel
af styrkerne fra �ere platforme, og som potentielt kan udkonkurrere sine monolitiske
delkomponenter. Heterogen integration af GaAs bølgeleder-kredsløb, som indeholder
selvsamlede kvantepunkter, på en Si/SiO2 -wafer demonstreres. I denne afhandling
reporteres fabrikationsteknikkerne udviklet for denne heterogene integration base-
ret på den adhæsive chip-til-wafer bindingsmetode. Det optiske propagationstab for
GaAs bølgeledere fabrikeret på det GaAs-på-Si hybride substrat måles til � 7 dB�<<,
hvilket er sammenligneligt med ydeevnen for suspenderede GaAs kredsløb. Kvante-
punkterne exciteres optisk ved ) � 10 K og anti-klynget emission fra individuelle
punkter observeres, hvilket bekræfter at fabrikationsprocessen ikke påvirker kvante-
punkternes ydeevne. Vi har også fabrikeret GaAs bølgeledere oven på Si3N4 bølgeledere
indlejret i et SiO2 -lag. En tilspidsende struktur, som konverterer den optiske mode til
pletstørrelse i GaAs bølgelederlaget, designes, og det muliggør kobling af lys mellem
bølgelederne i GaAs- og Si3N4 -lagene. De eksisterende begrænsninger er velkendte:
for eksempel er antallet af målte fotoner fra kvantepunktsemissionen ikke høj nok,
hvilket gør det udfordrende at måle autokorrelationsfunktionen og dermed udtrække
enkeltfotonrenheden 62 „0”. For at opnå et mere præcist estimat skal der bruges en
prøve med lavere densitet af kvantepunkter sammen med et smalbåndet �ltreringap-
paratur. For at måle de emitterede fotoners udartning, er det nødvendigt at integrere
p-i-n heterostruktur-GaAs membraner samt fabrikere elektrisk kontaktede prøver. Vi
foreslår mikro- overførselstryk som en alternativ metode til adhæsiv chip-til-wafer bin-
ding for heterogen integration. Dobbelt-siddet tilspidsende GaAs bølgeledere er blevet
designet og fabrikeret som kilde-wafer for overførselstrykket. I samarbejde med Ghent
University har vi succesfuldt udført overførselstryk af selvstændige nanobjælke GaAs
bølgeledere for første gang. Med optiske målinger har vi demonstreret transmission
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af lys med et gennemsnitligt tab på 3 dB per struktur. Denne afhandling reporterer
fabrikationsteknikker og karakteriseringen af strukturer, som består af heterogent
integreret GaAs bølgeledere med indlejrede kvantepunkter på et SiO2 lag, hvilket er
et vigtigt skridt mod heterogen integration af GaAs-baserede strukturer med andre
materialeplatforme. Denne heterogene integration har potentialet til at løse en om-
fattende udfordring mod mere komplekse fotoniske integrerede kredsløb (PIC) med
komplementære metal-oxid-halvleder (CMOS) fabrikationsprocesser.
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Introduction

1.1 Introduction

Today, ever-increasing amounts of data make �nding new ways to store and process
information a necessity. Electronics can be considered as one of the most important
technologies of the 20th century due to the development of the transistors [1]. However,
as stated by Moore's law [2], the number of electronic devices integrated in a single chip
doubles roughly every two years. Accordingly, conventional silicon-based electronics
are close to saturation. Therefore, the 21st century requires the next revolutionary tech-
nology that makes further increasing of the computing power possible. One promising
possibility can be photonics, where information is processed and transported using
light [3]. It comes to nano-photonics, when focousing on the interaction of light with
structures and materials at the nanoscale level. Nano-photonics o�er many advantages
by miniaturization and therefore reduction of power-consumption and scaling up. An
integrated nanophotonic system can be manufactured using di�erent semiconductor
wafers processed in a cleanroom facility. Photonic integrated circuits (PICs) represent
a powerful technology that combines the bene�ts of nanophotonics with conventional
mature electronic devices on a single substrate.
The integration of photonic and electronic components on a silicon substrate o�ers sev-
eral advantages compared with alternative semiconductor materials (e.g. III-V, lithium
niobate (LiNbO3)). By integrating these two domains, silicon PICs o�er signi�cant
advantages in terms of speed, bandwidth, energy e�ciency, and scalability [4]. More-
over, silicon is compatible with existing complementary metal-oxide-semiconductor
(CMOS) fabrication processes, which allows for the e�cient and cost-e�ective mass
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production of silicon PICs using well-established semiconductor manufacturing tech-
niques. Therefore, silicon photonics have emerged as one of the so-called "more than
moore" technologies. Silicon photonics have applications across various domains.
Figure 1.1 shows the main applications of silicon photonics. It plays a crucial role in
high-performance computing. Silicon photonics o�ers direct integration of high-speed
optical interconnects into microprocessors and other integrated circuits, enabling faster
and more e�cient data transfer, improved communication, and increased energy e�-
ciency. This can lead to signi�cant improvements in the performance of computing
systems such as supercomputers. Figure 1.1 (a) shows an image provided by Intel
describing the use of silicon photonic interconnects in data center environments [5].
Moreover, silicon photonics has the potential to o�er faster and more e�cient commu-
nication networks, by increasing bandwidth and reducing power consumption. Figure
1.1 (b) shows an example of a silicon photonic platform (from imec) [6]. Providing
advantages such as integration of optical transceivers in a single chip, low-loss high-
speed switches, and wavelength division multiplexing (WDM), silicon photonics has
signi�cant applications in optical telecommunication.

Figure 1.1: Some of the main applications of silicon photonics. (a) High-performance computing. Image
provided by Intel showing optical interconnects in data center environments [5]. (b) Fully integrated silicon
photonics platform from Imec [6]. Silicon photonics o�ers integrated e�cient components for optical
telecommunication. (c) Example of a silicon photonic MZI biosensor, adopted from [7]. (d) Example of a 3D
LiDAR robot, Image source: Velodyne [8].
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In addition to its use in data centers, silicon photonics can also be used for sensing
applications in a variety of industries, including environmental monitoring, chemi-
cal sensing, and biomedical sensing. For instance, �gure 1.1 (c) illustrates a typical
Mach�Zehnder interferometer (MZI) biosensor [7]. In this example, the input light
splits into two arms, named as reference and sensing arms, and recombines at the
output. The degree of interference at the output is proportional to the refractive index
variation in the sensing arm. LiDAR (Light Detection and Ranging), a technology used
for remote sensing and mapping, is another important application of silicon photonics
[9]. LiDAR is commonly used in autonomous vehicles, robotics, and industrial automa-
tion. Instead of using radio frequency (RF) signals, LiDAR uses a light wave (laser light
in many cases) to illuminate a scene based on re�ection. It analyzes the re�ected light
by measuring the time it takes them to return to the source (TOF = Time of Flight) to
gain critical information about what is going on in the area [10]. Figure 1.1 (d) shows
a typical 3D lidar system [8], that scans light beams in three dimensions to create a
virtual model of the environment. Measuring and processing the re�ected light signals
enables the vehicle to detect and identify the surrounding objects. Silicon photonics can
also contribute to quantum photonic integrated circuits (QPICs) by integrating various
quantum photonic components into on-chip circuits. Quantum photonic systems, such
as quantum dots and quantum wells, can be designed and fabricated on silicon chips,
enabling the manipulation, routing, and detection of the quantum states of light. This
application will be discussed in more detail in the following section.

1.2 �antum photonic integrated circuits

In classical silicon-based devices, information is processed in binary form. Each el-
ementary component (bit) can be in two states, either 0 or 1 [11]. By exploiting the
unique properties of photons and the laws of quantum mechanics, one can move be-
yond the binary system [12]. Photonic quantum technology, a science that uses the
fundamental principles of quantum mechanics to control light at the quantum level,
opens up new possibilities for revolutionary advancements in information gathering,
processing and transport [13, 14]. In a quantum mechanical system, an object with two
states can occupy either of the two states, but it can also be in an arbitrary combination
(superposition) of the two states[15]. In other words, the generic state for a quantum
object that can be in two states ofj0i and j1i , is denoted as

jk i = Uj0i ¸ Vj1i • (1.1)

whereUandVare the probability amplitudes of the statesj0i andj1i with jUj2¸ j Vj2 = 1.
This means that there are in�nite quantum states for a single quantum bit (qbit) to take
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and allows for the encoding and processing of quantum information in a highly e�cient
manner. The qbit can only be in superposition as long as you have not measured it.
Once the qbit is measured, it instantly collapses to eitherj0i or j1i state.
Another key property of a quantum mechanical system is quantum entanglement.
When two or more particles become entangled, their quantum states become correlated
such that the state of one particle is immediately related to that of the other, regardless
of the distance between them. For instance, having two quantum systems� and� , the
entangled state is given by

jkA•Bi =
1

p
2

¹j0i A j1i B ¸ j 1i A j0i Bº • (1.2)

Which implies each� or � object can be in statesj0i or j1i with 50 %probability. This
phenomenon enables the creation of entangled photon pairs, which can be used for
secure communication protocols (quantum cryptography) or distributed quantum com-
puting [16]. Therefore, in a quantum mechanical system, one can also take advantage
of the properties of photons, such as their ability to exist in superposition states and to
be entangled, to gain a much more powerful platform compared with the conventional
platforms. To scale up quantum photonics to more complex functionalities, for which
tens of photons are required, the concept of quantum photonic integrated circuits
(QPICs) is introduced [17� 19]. QPICs are chip-scaled platforms that bring together pho-
tonics and the principles of quantum mechanics, enabling the generation, manipulation,
and detection of the quantum states of light. The realization of QPICs requires the de-
velopment of some indispensable components like single-photon emitters, waveguides,
and detectors, on which many works have been don[17].

1.3 Solid-state single-photon emitters

One of the central building blocks in many leading quantum technologies are non-
classical light sources, which produce streams of photons with controllable quantum
correlations. Over the years, a variety of promising material systems have been devel-
oped for single-photon generation. Nonlinear processes, such as spontaneous four-wave
mixing [20] and spontaneous parametric down conversion [21] play a crucial role in
generating single photons, �gure 1.2 (a), (b). This scheme can provide on-demand
single-photons by controlling experimental parameters, and the emission e�ciency
can be high. However, the probabilistic nature of single-photons limits the reliability
of this scheme, i.e., there is still a probability of generating multiple photon pairs or no
photon at all in each emission event.
On the other hand, there are two-level system single-photon emitters. Figure 1.3
presents a brief overview of the di�erent types of two-level systems that generate



1.3. Solid-state single-photon emitters 9

Figure 1.2: Single-photon generation based on non-linear processes. (a) Diagram of the experimental
setup used to measure the count rates and photon pair correlations of the single photons generated by
spontaneous four-wave mixing [20]. (b) Experimental setup for measuring photon correlations in the
transverse momentum of photons, generated by spontaneous parametric down conversion, adopted from
[21].

single photons. The �rst demonstration of a single-photon emitter was in 1977, using
atomic transitions of sodium atoms, although it had low reliability and e�ciency [22].
Today, it is possible to generate e�cient on-demand single photons by an adiabatically
driven stimulated Raman transition between two atomic ground states [23], �gure
1.3 (a). However, complex setups are required, and such sources cannot be directly
embedded in a circuit due to the challenges in loading atoms or ions. Moreover, the
slow dynamics of atom-based sources can notably decrease the operation rate of the
system. Another scheme to generate single photons is color centers, i.e., atomic defects
in solid-state materials. The great advantage of color center single photon emitters,
such as nitrogen-vacancy (NV) centers in diamond [24] or silicon vacancy (SiV) centers
in silicon carbide [25] is their room temperature operation, which enables rapid charac-
terization. Figure 1.3 (b) depicts the e�cient coupling of single photons generated from
diamond color centers into optical �bers. In color centers, not all excitations result in
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