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Abstract

The following Ph.D. thesis summarizes the work that has been made aiming
at the fabrication and characterization of quantum emitters integrated inside Ge

nano-island on Si substrates.

We choose to induce localized Ge impurities centers inside a thin layer of
Alg25Gag 7sAs epitaxially grown on Ge islands acting as dielectric Mie Resonators
(MR’s). These centers are working as light sources, capable of single photon
emission and quantum entanglement properties. Fabrication of the Ge islands was
done by solid state dewetting in an ultra-high vacuum environment, obtaining both
amorphous and monocrystalline islands, with sizes ranging from 50 to 500 nm.
These islands are also photonic Mie-resonators enhancing light-matter interaction
and steering the localized defects emission, acting as dielectric nanoantennas. The
experiments, show some emission light but still the light matter interaction is not yet

achieved.

This thesis exploits molecular beam epitaxy, solid state dewetting and electron
assisted lithography for realizing patterned samples. Many different characterization
methods have been used to assess the quality of the fabricated samples. We use
morphological characterization via scanning electron microscopy (SEM) and atomic
force microscopy (AFM). Optically, we characterized the Mie resonators by dark
field (DF) spectroscopy to ensure their photonic mode appearance. Also, the
crystallinity of the Ge seeds was investigated by RAMAN spectroscopy. In the end,
the optical response of the samples will be tested by micro and macro
Photoluminescence,  time-resolved  measurements, and auto-correlation

measurements to assess the quantum nature of the emission at low temperatures.



Towards our goal we faced three main different topics: i) the growth of Ge
nanoisland via solid state dewetting, ii) the optimization of the photonic response of
semiconductor Mie resonators by engineering the geometry of the substrates, iii) the
integration of 111-V layers on Ge islands and the observation of interesting associated
defects. Each of these aspects is described in detail in chapters 3, 4 and 5. During my
secondments at UNIFI, | had also been involved in a quite different approach towards
the deterministic realization of quantum emitters integrated beneath a glass
nanoantenna, an activity which led to article submission, but it is not reported in this

thesis.

Ieptinyn

H mopodca dwrpif] ocvvoyiler to ovumepdouoto  TEPUUATOV  TOV
TPAYUOTOTOMNONKOY OTNV aVATTUEN KOl TOV YOPOUKTNPIGUO TNY®V OTOUIK®OV
QoTOoViov TAve 6€ vTostpopato tupttiov. Evtomiocpuévec mapanieypotikés 0Eceic
UECO GTOV MULOLY YO, UTTOPOVV VO AELTOVPYOVV GOV TTNYES PMOTOS, TKAVES Y10 EKTTOLITN
povadimv eotoviov kot kBavtikr oeumiokr). Avtol ot moumol ¢@oToviwv
Bpiokovtal evoopotmpévol péco otov AlIGaAs nuoaymyd eved tavtdypovo eivot
oVVOEdEUEVOL e vavo-copatiow etiayuévo omd I'epudvio, emiong kohodueva ¢
Mie-evioyvtéc. H avimrtuén tov copotdiov epuaviov, mpayupoatomoleital pe
Beppikn avOTTNON AETTMOV LUEVIMVY YEPUOVIOL TTOVL PBpicKovTol TAV® GE LVTOCTPOLLOL
moprtiov Kol péca oe BAAAUO VYNAOD KEVOD € VYNAES BepLoKpacies, L TEXVIKT
oL Aéyetan amodaBpoyn. Méocw g amodaPpoyng eivar duvatdv vo TdcovEe G
HOVOKPOGTAALOVG, 1W00VIKO Yoo emrtaSloky] avdmtuén vyning mowdtrog 11I/V

nuayoyo, uécw otov idto Bdiapo. Ot Tyég pwTdHC evompotouéves pe tovg Mie-



EVIOYLTEG, TPO®OOVY TNV AAANAETIOPACT] TOV PMOTOC LLE TNV VAN Ko TNV ThavoTnTo
povadioimv Tnyodv emtoc. H evomoinon g aAAnAenidopaonc tov ¢otog e TV VAN
emruyydvetalr pe v vmapén tov epuaviov oe mopoamieypatikéc 0€celg tov
NUOY®@YOL KoL TNV QOTOVIKY €vioyvuon TV vovoowuotidiov. Ot cuokevég Ha
KOTOOKEVOGTOOV e TNV Agltovpyikomoinon Aemtov vpeviov Iluprriov kot

I'eppaviov N} Kol 0€ KATOEG TEPUTTMOGELS YMPIS KAV TNV YPNON AETTMOV LUEVIDV.

Apyotepa, ta detypoto Oo yopaKTnPIoTOHV HOPEOAOYIKH UE MAEKTPOVIKY
UIKPOGKOTI0, GAPMGOTG KO LKPOGKOTI0 ATOUKNG SUVOLIKNIG, YO TNV KATAVON O™ TNG
OTOUKN G OLVOLIKNG, KIVITIKOTI TG KOt LOPPOAOYIOG TNG EMUPAVELNS TOV OEIYUATWOV.
AmoteAéopOTA TOV TOPOTNPNCEOV o€ Oeiypota petd v Oeppuxkn avomnonm,
UEAETAOVTOL, 00N YDVTOGS GE U0 AETTOUEPNG AVAAVOT TNG ATOSAPPOYNG TOV AETTOV
vueviov kot v popeoioyio twv vavocopotwdiov. I[Hoapdiinia, ot evioyvtés-
vavooopuotiol yopokmpilovior HE HIKPOOGKOTI GKOTEWVOD mediov Yoo TNV
EMOPPAYIOT TNE EUPAVIONS TOV POTOVIKOV dOUMV TOVC. 'Y OTEPX, OTAV 1| VYNANG
TO10TNTAC KPLGTAAAKOTNTO TV OEIYUATOV TIoTOTOm0€l, Tal id1a TaL vavocsmpotion
yivovtar kot 0 KaTdAANAOC @opéag yio TNV kotdBeon nuaywyov evBémg Covng
yaopatoc. TEAOG, N OTTTIKN amOKPIoT TOV OEYUATOV eEETALETAL LLE TNV TEYVIKN TNG

LKPO KO LOKPO-POTOPAGHATOCKOTELNS.
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Chapter 1: Introduction and

literature review

This first chapter aims to give an introduction to our projects, followed by
sections reporting brief summaries of the state of the art in the several different topics
that we crossed in our research path.

Quantum supremacy, at least when these lines were written, was one of the
biggest events in the scientific community [1]. Big companies have announced their
breakthroughs in developing quantum computers capable of performing significantly
quicker and better than any other computer in the world [2]. Quantum processors,
therefore, are expected to initiate the manufacturing of new concepts in science, such
as biology, medicine, and new drug development. Powerful simulations on vaccine
development could accelerate the research for covid-19 pandemic, which in 2020
was one of the major problems in all the globe. Moreover, a quantum computer could
solve problems in the field of telecommunication, artificial intelligence methods,
materials science, semiconductor physics, or even financial strategies, as well as
algorithms for supply chain problems inefficiency [3]. We may see the benefits of
conventional computers in our everyday life, however, there are problems that
today’s most powerful computers won't be able to tackle. For some complex
challenges which go beyond a certain size, there is not enough computational power
to face them, even if we use clusters or supercomputers. To be able to attempt to deal
with some of these problems, we need to scale up computing capabilities and
computational power [4].

Conventional computers to manipulate and store the information, rely on a
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fundamental ability to utilize individual bits, which can exist as a binary 0 and 1
state. Quantum computers, on the other hand, are using quantum phenomena to
handle information. Instead of bits that can be 0 or 1, they use the superposition of
quantum states between |0> and |1> to generate the so-called quantum bits (or
qubits). The main problem and the focus of the scientific community nowadays are
to find different ways to create this qubit, the fundamental unit of quantum
processors [5]. To work with qubits and keep them in a stable state for a long time,
it is necessary to keep the quantum system very cold, close to absolute zero, since
interaction with the thermal bath can introduce error and break the coherence of the
qubits. Today, real quantum processors in big companies and laboratories such as
GOOGLE [1] and IBM [6] are made by superconducting circuits that are kept at
ultra-cold temperatures. They are already used by researchers from all over the world
to test out algorithms for applications. However, it was only in 2019 when a quantum
computer was able to run an algorithm faster than a classical computer, and that
moment was called ‘quantum supremacy’ [7]. A quite important achievement, if we
think that quantum computers a few years ago existed only in theory.

Quantum computers and Quantum Information Technology (QIT) will be a
disruptive technology shortly. This goal imposes to seek for other strategies for
realizing QIT based on semiconductors, which are at the core of classical computers.
Breakthroughs in nano-photonics and semiconductor quantum emitters are quite
promising for a QIT integrated into semiconductor technologies [8]. The leading
topic in the field is on semiconductor quantum dots (QD’s) with the ability to be
grown on several substrates compatible with the existing CMOS technology [9].
Quantum dots can be grown in several substrates with different lattice parameters
such as Silicon, Germanium [10], or Gallium Arsenide (GaAs), substrate

orientations, but also with properties to be tuned in structural, optical, and electrical
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modes. QD’s act as artificial atoms in a solid state environment and their electronic
and optical properties are intrinsically quantum. In this framework, the field of nano-
photonics, which implements knowledge of photonics, quantum mechanics, material
technology, and micro-scale device fabrication, is aimed to tailor on demand the
properties of quantum light states emitted by QD’s in view of a solid-state QIT
development [11]. Several breakthroughs are still needed in device fabrication, as
well in developing efficient quantum emitters with properties easily tunable, in
enabling advanced experimental results and in fabrication of devices at the
single/multiple quantum level. Recent technological, experimental, and theoretical
findings in this field, have however demonstrated rapid potential for further
development [12].

Nowadays, lots of applications utilizing QIT protocols are developed with
optical fiber networks that produce commercial quantum cryptographic systems,
where secure keys are encoded by quantum bits, which refers to a two-level qguantum
state. Indeed, the extended goal of QIT is to develop a massive network based on
guantum processing, the so-called Quantum Internet, where information among
guantum computers will be transported by photonic structure able to produce,
process, and store qubits [13].

The first building block of QIT relies on quantum emitters of one single
photon at a time [14]. There are several ways to produce these single-photon sources,
which can be atoms and molecules or localized excitons in semiconductors
(including the emerging field of 2D materials) [15]. Among them, semiconductor
QD’s are certainly the most extensively studied systems, but recently isolated
Impurity centers are attracting a lot of interest for their unique scalability associated

with an intrinsic equivalence of all the centers.
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Aiming to target semiconductor quantum emitters, one has to face the fact that
the market of microelectronics nowadays is dominated by widespread silicon
technology, as it provides an inexpensive and vigorous way to fabricate processors,
light detectors, and photovoltaics [16]. Therefore, the integration of efficient light
emitters on a silicon-based platform is a bet that the nanophotonics community needs
to win [17]. However, a fully Si-based light source is extremely inefficient by the
indirect bandgap of Si. By introducing ad-hoc emitting impurities can be a suitable
alternative path to integrate light sources by epitaxial growth of direct gap
semiconductor photonic devices on silicon [18, 19]. Although these demonstrations
of quantum light emitters on a silicon substrate were not easily achieved for on-chip-
integration. At the same time, light extraction from bulk semiconductors,
spontaneous emission rate, and directionality can be major issues for the exploitation
of light sources.

In the present thesis, we are going to address the topic of semiconductor QIT
with a study of a special category of semiconductor single-photon sources, i.e. the
lattice impurities inside the 111-V semiconductor [18]. To follow the natural need for
integration in silicon technologies we seek a method to embed them on a silicon
wafer. In addition, the quest to tailor the properties of the emitted photons leads us
to center this thesis on the advancement of a recently emerged approach of Mie
resonators [20], based on the development of sub-wavelength Si and Ge islands.
These dielectric particles present resonances in the visible and near-IR range and in
analogy with metallic particles, this class of dielectric resonators present ultra-small
photonic mode volumes [21]. These properties turn them into a suitable platform for
light manipulation in nanoscale for semiconductor devices [22]. Specifically, the

integration of dielectric Mie resonators with light emitters can enable the efficient
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control of light-matter interaction, and therefore favoring the light collection with
conventional optics [23].

The thesis will focus on the integration of light emitters on Si- and Ge- based
small-sized crystalline seed-islands, formed via solid-state dewetting followed by
epitaxial deposition of 111-V compounds. For sake of illustration, Figure 1a reports
scanning electron microscopy (SEM) images of a dewetted Si on insulator thin film.
The formed islands can act both as seeds for the epitaxial regrowth as well as sub-
wavelength antennas, as shown in Fig. la. Individual Si islands are formed via
dewetting process on a silicon substrate. In Fig. 1b crystallinity of Si is demonstrated
with the exposed facets visible. The use of 3D objects for hetero-epitaxy on small
islands (~100-300 nm) is expected to drive the structure to an unstrained lattice
parameter, producing dislocation-free material by interpreting unsteady dislocations.
This will allow the monolithic integration of materials featuring a large lattice and

thermal expansion coefficient mismatch in a sub-wavelength antenna.

Figure 1: a) SEM image of a spontaneously dewetted Silicon on insulator substrate b) High-
resolution SEM image of a dewetted Si island (Top view). Facets are highlighted by circles and

arrows [24].

More specifically, for the current thesis experiments, investigations were done
on deposition by molecular beam epitaxy (MBE) some 111/ materials on dewetted

structures for engineering the optical properties of Alg2sGag7sAs as Mie-resonators.
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Small crystalline Ge particles ranging from 50 nm to 500 nm, have been obtained by
spontaneous and assisted solid-state dewetting after the annealing of the thin Ge
films on SiO,/Si (001) [25]. These Ge islands have been then used as crystalline
seeds for epitaxial growth of AlGaAs. Alg25Gag7sAs film has been deposited in situ
on the top of Ge islands resulting in Ge atoms embedded in AlGaAs. Later, these Ge
islands, except for their strong ability for resonances, are working also as providers
of Ge atoms inside the bulk AlGaAs, creating, based on our speculations, some
impurities inside the bulk. However, further investigations needed to be sure that Ge
and other impurities are working as emission centers. In Fig, 2 we report a sketch of

the system we aim to fabricate.

Impurities

AlGaAs

Ge islands

Si0,

Figure 2: Schematic representation of impurity center inside the bulk material covering a
Ge island. The chosen architecture of deposition was done to simulate a sandwich, where yellow
and light blue layers are higher bandgap AlGaAs than the orange one with lower bandgap AlGaAs
(i.e. in orange regions the Al content is reduced). In the end, the red layer is the GaAs capping

layer. Ge atoms and molecules diffuse through the AlGaAs creating bulk impurities (blue points).

The impurities in the AlGaAs define localized states for electrons and holes,
working as quantum emitters inside the cavity of bi-shell AlGaAs/Ge islands. In

principle, we aimed to promote Ge impurities in the AlGaAs by diffusion from the
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Ge seed, however, any defects can play the role of quantum emitters and we will
show that it is possible to obtain a single photon source also by exploiting
unintentional contamination. Very bright and sharp single photoluminescence lines
are observed in micro photoluminescence. These emission lines behave very much
as single excitons in QD’s, but their realization is by far much easier since it does
not require 3D nucleation or spatially selective doping as previously reported in the
introduction. The photon antibunching is demonstrated by time-resolved Hanbury
Brown and Twiss measurements, but their photonic nature is still under discussion.

All in all, in the present chapter 1, the concept of single photon, its
characteristics, and the possibilities to develop single photon sources for QIT is
discussed. In chapter 2, we address the experimental methods used to develop and
characterize single photon sources. In chapter 3, the results of solid state dewetting
Is presented as a potential way to build easy, cheap, and efficient ways for seeds to
deposit. Chapter 4 refers to the characterization of nano-antennas, the so-called Mie
resonators by studying the dark field spectroscopy of individual islands obtained by
solid state dewetting. In chapter 5 we discussed the possibility of impurities in
semiconductors as single photon sources. Finally, during my secondments at UNIFI,
| also had been involved in the laser writing of quantum dots integrated beneath
dielectric nanoantennas, an activity which led to article submission, but it is not
reported in this thesis.

In the following sections of this introductory chapter, we will briefly review
the main topics of the state of the art in the existing literature for a better

understanding of our thesis work.
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1.1.1 Single Photon Sources

Why do we want to study single photon sources? As mentioned in the
introduction before, single photon sources are the building blocks for QIT and among
others, quantum dots are the ones dominating the market and the research as an ideal
single photon source [26]. Another possibility is the use of color centers working as
guantum dot-like single photon sources. Hereafter a non-exhaustive review of few
important results in the field.

There is a wide range of semiconductor materials that can cover all desired
wavelengths for different applications in QIT. For example, GaAs/AlGaAs Quantum
Dots can emit around 700 — 900 nm, compatible with qguantum memory and quantum
repeater technology [27, 28] based on Rb and Cs atoms. The study of single-photon
emitters operating at the telecommunication wavelength by many researchers and
developers, revealed the exploration of the use of InAs quantum dots in the
development of qguantum computers and quantum information systems [29, 30]. InAs
QD’s can be embedded inside GaAs/AlGaAs Bragg reflectors, enabling a DBR that
can be exploited to form a planar micro activity that improves its quantum dots
emission [26, 31]. Bulu et al. in 2011, further indicate that the GaAs based InAs
guantum dots can be capable of emitting high-brightness single-photon emission
below 1000 nanometers. However, due to material limitations, it was hard to
generate a wavelength of about 1.3 micrometers or longer.

Further extension of the emission wavelength from the quantum dots at
telecommunication wavelength has been attempted by using a variety of methods
that addresses different elements of the photon emitters. InGaAs, GaAs dot in a
quantum well structure with a 30% indium content, strain engineered quantum dots,

vertically coupled quantum dots, metamorphic structure, and InGaAs capping layer
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are some of the methods proposed to mitigate the problem [32]. However, the bilayer
quantum dots structure, i.e. a vertically coupled quantum dots, provide a reliable
growth parameter that can be controlled depending on the application. For instance,
high-density bilayer quantum dots have been grown to develop laser diodes of about
1.6 micrometers. Bulu et al. indicate that several studies have proposed the regulation
of bilayer quantum dots to grow low QD’s density to produce telecommunication
band, single-photon sources [26]. The control of the interlayer strain coupling must
be monitored closely to realize low-density bilayer quantum dots and proper
distribution [32].

A second very famous category of single photon sources is colloidal qguantum
dots, which are the most used and easier to be fabricated, but are profoundly affected
by blinking. Therefore, self-organizing single quantum dots with large gaps have
been explored to replace the colloidal quantum dots because they are not affected by
blinking [33]. Structures with epitaxy from different compounds have been
demonstrated to have excellent single-photon emission capability at high
temperatures. Therefore, most of the systems have been demonstrated to function
appropriately at room temperature through electrical and optical pumping. The
density of the photon hinders the selection process of a single excitonic line in the
array, needed for a classic light observation [26]. However, scientists are working to
address the issue through the formation of the etched structure, inserting a single
guantum dot in a nanowire by masking the nano aperture in a transparent mask.
Nevertheless, all the methods require low photon density to be effective as single
photon sources.

Changing surface energy with thermal annealing has been proposed to
produce an array of quantum dots with reduced density. The method is expected to

facilitate two-dimensions to the three-dimension transformation of the strained layer
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into a quantum dots ensemble [34]. The experimental application of the system
produced a lateral density of about 4x10'° cm?. However, the objects formed were
not canonical Stranski Krastanov quantum dots [26]. Still, they only produced a flat
nanoisland with average sizes of about 5 nanometers in the lateral direction and 50
nanometers in the vertical direction. The micro photoluminescence spectra
demonstrated a narrow emission line that may be related to the fluctuation in the
localized potential within the islands [26]. At a size above 10 nanometers, the exciton
density states are equal to that of the quantum well, which can prevent the generation
of indistinguishable photon generation [33].

However, QD’s serving as single photon sources can present several
drawbacks [35] when coming to applications, such as the enhancements of radiative
lifetime along with the efficiency of light extraction from QD’s in a cavity, and
secondly, the interference between photons from different sources. To overcome this
limitation, single photon sources from individual impurity centers were used. In
particular, the topic has been studied since the beginning of the *00s as an alternative
approach emerged by using anti-bouncing photons from the bulk diamond crystals
at room temperature [36]. Extrinsic color centers are embedded inside the bulk
sample, making it a good candidate to antagonize the QD’s as single photon sources
for quantum applications. However, to maximize the efficiency, the coupling of the
impurity center with a cavity is needed in order to emit in a single mode. Single
nitrogen vacancy centers are another well-studied field for generating single photon
sources from defects in diamond [37]. A substitutional N atom inside the diamond
lattice position works as individual impurity centers. However, introducing more N
atoms inside the lattice on purpose, serve in a brighter luminescence from the sample.
The unconventional light extracted from such a class of samples lies in the red and

near IR region. The concept of single photon sources from individual centers is
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presented also in a ZnSe quantum-well structure [38]. In this case, nitrogen impurity
centers inside a quantum well can trigger single photon emission under continuous
excitation laser source. However, even if these light sources exhibit anti-bunching
behavior, still the autocorrelation measurements suffer for limited demonstration of
g® (1) below 0.2. Accordingly, impurity centers inside the ZnSe bulk from
individual Te atoms demonstrate single photon source characteristics [39]. Sharp
emission originating from the Te impurity centers indicates quantum single photon
entities. Entangled pairs of photons, from an individual impurity generated source,
were demonstrated in the ZnMgSe/ZnSe quantum-well nanostructures [40].
Impurity centers inside GaAs were studied by introducing N vacancies as single
photon sources inside the GaAs matrix [41]. The bright N centers courses tend to
show faster radiative decay rates. Although, the most important category of
impurities for the current thesis are the Ge impurity centers inside the AlGaAs matrix
which first studied in 2012 [35]. Epitaxial growth by MBE of AlGaAs 30% epilayer
on top of Ge and Si substrates, present unconventional contamination of Ge and Si
atoms through diffusion inside the I11-V matrix. Each of the Ge or Si atoms behave
as a single photon source, very much like the single excitons found on QD’s. It is
worth mentioning that Ge or Si impurities working as single photon sources, do not
require any 3D nucleation like the one we find in QD’s case or even any intentional
introduction of N and Te centers in the matrix. Hanbury Brown and Twiss
measurements were used to demonstrating the antibunching behavior of the bright
and sharp photoluminescence lines in such kind of systems. The single photon
character is, however, demonstrated g‘?(1=0) not far below the limit of 0.5. The same
approach is demonstrated in the use of Ge and Si substrates to introduce unavoidably
Ge and Si atoms inside the epitaxially developed AlGaAs layers [42]. The sharp lines

that were found by micro-photoluminescence were attributed to the exciton and bi-
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exciton contribution by time resolved and power measurements. Finally, sharp lines
(40 peV) were still found even at a higher temperature (at 70K) confirming that there
Is good thermal stability in this class of impurity centers for the application of single
photon emitters. Detailed investigation on the literature in this kind of single photon

emitters was the purpose for this Ph.D thesis.

1.1.2 Single Photon Sources made by Molecular Beam Epitaxy

How are we able to build single photon sources? Historically the first way to
make a highly efficient semiconductor single photon source was by the Molecular
beam epitaxy (MBE) method. MBE is based on the interaction of a beam of atoms
with a crystal surface at a high temperature inside an ultra-high vacuum environment.
Molecular beam epitaxy is adapted to have a consistent and precise deposition. There
are several types of molecular beam epitaxy used in nanotechnology. Gas source
molecular beam epitaxy uses hydride materials such as arsine and phosphine.
Metalorganic molecular beam epitaxy uses metalorganic compounds such as
trimethylgallium and trimethylindium [43]. However, the reliable source molecular
beam epitaxy uses an effusion cell generated through the evaporation of ultra-pure
source materials in a crucible. The effusion cell produces the molecular beams that
are then directed on the heated substrate. The temperature within the effusion cells
Is used to adjust the flux intensity of the beam produced. The deposition chambers
are equipped with a pump system that records the pressure in the 10* Torr range
[44]. The molecular beam epitaxy growth is often facilitated by the reaction of the
beam with a crystalline substrate that is maintained at high temperatures [45].
However, the ultra-high vacuum pressure is needed for the reduction of the
background contaminant that may be incorporated into the solid. Furthermore,

vacuum conditions allow atoms to have a mean free path longer than the distance
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between the source cell and the substrate [32]. Shutters can be used to control the
deposition process of the atoms even at the level of single layer deposition. The
development of interfaces in the range of one atomic layer can be developed by the
shutter in front of the orifice by opening it and closing it within a shorter time
compared to the growth time of the molecular beam epitaxy. Consequently, opening
and closing different shutters can be used to control the heterostructure multilayer
composition and doping elements.

Precise control of composition, doping, and material quality, made possible
the fabrication of GaAs/AlGaAs lasers, making them usable at room temperature,
has drastically improved the production of semiconductor optoelectronic devices.
The efficiency of the devices has further been improved through the provision of
electrical and optical confinement through the heterojunction [46]. The production
of compound semiconductors with a definite composition profile, promises to
Improve optoelectronic technology. However, the molecular beam epitaxy may be
used to obtain high quality and high precision epitaxial growth. The capability of
layered epitaxies presents an opportunity to develop devices with a multilayer
epitaxial structure tailored to meet specific needs. For instance, the development of
semiconductors quantum dots has made it possible to demonstrate quantum

computing principles [46].

1.1.3 Single photon detection

How do we know that our light source is a single photon source? The answer
relies on the measurement of photon statistics and in particular to the pure quantum
effect of photon antibunching by second order autocorrelation g‘?(t) experiments.
The relation from where the statistics of the number of photons coming out of the

sources is calculated by eq. (1.1):
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() {(1(t)-1(t+7))
T

where 7 is time delay. For g@(0)= 2 then the light source is a single mode thermal

source with various frequencies; an example of such a case is the blackbody where
the photon stream is bunched. A coherent light, such as a laser beam, gives g®@(0) =
1, since the photons are all in phase, resulting in a Poissonian distribution. For a
quantum source g?(0)<1, and more specifically for a perfect single photon source,
g@(0)=0, and in the case of two photon generation, the g®(0) =0.5. Each distribution
case is reported by Fig. 3 for a) coherent, b) antibunching, and c¢) bunching light
source.

Coherent Antibunching EaEERY Bunching
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Figure 3. Auto-correlation functions of (a) a coherent light source such as a laser, (b) a single

photon source, and (c) a thermal light source like a blackbody.

A peculiar type of set-up that originally was used for astronomical
observations is used to measure the autocorrelation function as we can see in Fig. 4,
named Hanbury Brown and Twiss interferometer, by the names of the astronomers

[47]. Here we used a modified version for testing the photon antibunching. A pulsed
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laser usually in the UV spectral region is split in half by a beam-splitter for exciting
the sample with two pulses delayed by a time interval 1. The PL signal is also split
and two detectors, placed after the PL splitting, are counting the number of emitted
photons that follow each path. Note that an electronic delay tl is introduced in the
signal from one detector in order to measure also the coincidence with inverted time.
Therefore, a correlation histogram of events occurring on detectors with time
difference dependence is slowly built. The number of events recorded from the
detectors for time difference 12 is proportional to the probability of the presence of
a single photon when t = 12 given the presence of a photon at time t = 0.

PHOTON BEAM DETECTOR 2

SOURCE SPLITTER (STOP) HISTOGRAM:
b _._ N | . START-STOP
‘ b _DELAY
I TIME =~
DETECTOR 1 DELAY .
(START) ¢ CORRELATOR

STOP Bl Ry ]

ULl o START

Figure 4. Scheme of the g?(t) Hanbury Brown and Twiss autocorrelation measurements setup. A
photon source, usually a pulsed UV laser excites a sample with single photon emitters. Then, the
emitted signal from the sample is splinted with a beam-splitter. Later two single photon detectors
are placed, with the difference that one of them has a time delay line with long optic fiber. Finally,

the histogram of the time delay between photons detected is developed.

Another way to perform the auto-correlation measurements is by using a
continuous laser as an excitation source for the single photon sources on the sample.
The histogram, this way can be considered to look like the one from Fig. 3 (b) and
eventually gives information on the exciton lifetime. The drawback is that the value
of g@(0) depends on the detector temporal resolution and deconvolution is needed

to extract the purity of the single photon emitter.
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1.2.1 Nano-antennas and Mie Resonators

Why do we use nano-antennas via the Mie resonators? Light management in
nanoscale is one of the most studied fields in optics technology. Nanophotonics
captured the scientific community's interest in the last years with breakthroughs such
as photonic cavities and antennas in the nanoscale and their integration with light
[48].

Joining a single emitter with a suitable cavity/antennas is essential in many
applications due to the benefits generated from the coupling [49]. Emitter inside a
semiconductor cavity is a standard method for light manipulation in nanoscale.
Coupling the emitter with a cavity improves the quantum efficiency, increases the
repetition rate, and makes the photons more distinguishable upon reception [50].
Photons emitted from quantum dots are not directional, and coupling it with a cavity
transforms the emission to cavity mode that can be controlled with ease. Cavity mode
also presents a better polarization that is essential for some linear optical quantum
computing systems. For instance, the modern semiconductors are majorly made out
of micropillar cavities and microdisk cavities with resonator structures that are made
of complete spectral and spatial mode profiles. The strong coupling in the photons
improves the efficiency of the single-photon source, with the efficiency almost
coming close to unity [51]. The indistinguishability of the photons can be surpassed
through the Purcell effect and is essential in matching the spontaneous emission of
the coupling regime to fix the rate by developing a strong coupling [52]. These planar
structures are made to take advantage of the strong lateral and vertical light
confinement from single emitters, which leads to high-quality factor (Q) but within
relatively large volume (V) cavities. Therefore, a perfect single-photon source with

a strong coupling can be used to enhance efficiency in a quantum network system.
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The need to reduce the modal volume drove the research towards sun-
micrometer resonators. Metallic nanoparticles offer a solution where the volume
mode can be significantly smaller with extremely small nanoparticles but they suffer
from serious ohmic losses because of strong absorption, and therefore small quality
factor Q. In both cases, planar cavities and metallic nanoparticles Purcell factor is
limited, and therefore there is an alternative path, where all-dielectric nanoparticles
are used [51]. Dielectric nanoantennas are an alternative solution to plasmonics to
direct the light of an emitter to the far-field and they have much lower ohmic losses
[20].

Applications with metallic nanoparticles formulate cavities for light
interference, like Fabry-Perot or even more complex geometries. In other words,
nanophotonics is the area where the resonances and light interference are met. We
succeed at this interference by inserting mirrors and object-like mirrors in nanoscale
to manipulate light. The nanoantennas provide a reliable way to transfer directly
propagated radiation into a localized subwavelength mode at a nanoscale. Therefore,
the technology can be used in a variety of systems with a remarkable output and
reliability. The original antennas operated through the production of radio waves
through the oscillating of current. The size of the antenna increases with an increase
in range and the number of signals modulated. The initial designs of nanoantenna
used the metallic nanorods, which were then arranged in a way that satisfied all the
properties of radiofrequency antennas.

The metallic nano-antennas suffer from severe quenching of the fluorescence
emissions that often arise from the generation of high losses. Furthermore, the
interband transmission also leads to increased metallic absorption that leads to

heating of the antenna and its environment. So, the use of dielectric nanoparticles
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materials has been identified as a significant way to reduce the heat generated by the
nanoantenna [53].

In order to overcome these drawbacks, a new type of all-dielectric resonators
Is rapidly used for application in light manipulation, called Mie resonators. Located
in-between photonic crystal cavities and plasmonic nanoparticles, Mie resonators
offer an alternative way to enhance light-matter interaction at the nanoscale. Mie

Resonators will be discussed in the next section in more depth.

1.2.2 All-dielectric Resonators and Mie resonances

Photonic crystals resonators present resonances with high Q factors but large
volumes mode, while metallic nanoparticles are offering small Q factors in very
small volumes, but losses in plasmonic optical cavities are a limitation that sabotages
their performances. As a viable compromise, dielectric Mie resonators can substitute
both planar cavities and plasmonics as an alternative way to enhance light-matter
interaction in nanoscale [54]. The dielectric resonators antenna is a well-established
technology used in the propagation and reception of microwaves. Together with
other nanoantenna technology, dielectric resonators have been advanced for the
propagation of higher frequencies and even visible optics. The dielectric
nanoantennas are made by high-index semiconductor materials, like Si or Ge and
they support resonances near or below the frequency range of the combining material
[24].

The distribution of the electromagnetic field around the nanoparticles led to
denomination modes via a multipolar expansion. The two most important modes are
the denominated magnetic dipole, known as the first Mie-resonance, and the electric
dipole, which is the second Mie resonance accordingly as shown in Fig. 5a below

(from Ref. [20], supporting information). Fig. 5b demonstrates the electric and
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magnetic field rise around a Mie resonator. We can see the electric and magnetic
near field distribution for the two modes from a dielectric nanoparticle.

The development of dielectric resonators has been improved by the
development of nanofabrication techniques that have been developed to manipulate
a variety of materials that can be used in the development of the antennas [24].
Dielectric resonators have been found useful in a variety of fields due to their two
significant advantages. As an example, if made of highly permeable materials, the
dielectric resonators can support a variety of resonance modes, making them very
versatile radiation materials [53]. Dielectric resonators have been found to have high
efficiency, reduced size, and efficient excitation methods that make them desirable

in multiple applications such as the development of pure magnetic resonance.
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Fig. 5: a) Dark field scattering spectrum of an individual silicon-based Mie resonator
obtained by dewetting. A and B, highlight respectively the dipolar magnetic and the dipolar electric
resonances. b) Reconstruction of the electric |E[> and magnetic [H|? field intensity at the wavelength

of A and B resonances [20].

There is a significant development in the production and use of dynamically
controlled optical response of Mie resonators for optical and signal processing. Some
of the state-of-the-art applications consist of antireflective coatings with the

utilization of ordered nanodisks for light interaction between the disks [22].

28



Moreover, dielectric resonators can be used as detectors [55] or even dielectric
metasurfaces for optical elements [56]. More sophisticated applications consist of
topological edge states [57], electromagnetically induced transparency [58], and
subwavelength resolution imaging [59]. Advancements also in electric tuning due to
it have a broader range and better switching speed [53]. However, there is a strong
proposal for the electric tuning of metamaterials based on plasmonic nanostructures.
The tuning method relies on layers of semiconductors made of graphene or
electromechanical deformation of nanomaterials. All in all, the advancement of
optical nanoantenna is promising to improve the field of nanotechnology that is
taking route in many areas of electronics development [53].

In addition, the dielectric particles still support Mie resonance which may be
used to enhance the nanoantenna’s local nearfield intensity [60]. The presence of
electric and magnetic modes presents an opportunity to develop products with
tailored light scattering [60]. Modification of the light scattering, together with the
chirality of the light emitted, may enhance the decay rate of the nearby emitters, a
property that may be used to improve the directivity of the dielectric optical

transmitters.

1.2.3 Working Principles of nano-resonators

Coupling between guantum emitters and nanoscale optical resonators have
been optimized to reduce the impact of spontaneous photon emissions. The idea is
similar to telecommunication via radio frequencies, which are optimized to reduce
the power emitted by the subwavelength electric bipolar emitters. In practice, most
of the antennas are designed to improve the local density of the electromagnetic field,

enhancing the coupling process of the dipolar emitters in the nearfield [53]. The
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coupling for the dipolar emitter in the near field is essential for the radiation of the
waves in the far-field.
In quantum theory, Fermi's golden rule may be used to evaluate the

spontaneous decay rate of the emitter with a weak coupling regime using eq. (1.2):
r= %aﬂPzp(r, w) [53] (1.2)

P represents the electric dipole moment operator between the ground and the excited
state of the emitter. p (r, ®) represents the local density of optical state (LDOS) at
the r position of the emitter achieved within the frequency . The total local density
denotes the cumulative electric field at the emitter. One of the main goals of nano-
photonics is to tailor the LDOS to optimize the emission of a quantum source. This
occurs not only by increasing the radiative rate via the Purcell effect but also via

color filtering and emission steering, as discussed in the next section.

1.2.4 Practical Implementation of the Directional Nanoantenna

The implementation of dielectric resonators in the development of
nanoantenna, imitating the traditional radiofrequency antennas, has been explored
by a large number of researchers and developers. Materials with a wide array of
dielectric permittivity may be implemented by tuning the real part of the dielectric
constant to improve the quality factor of the resonance. Tuning of the dielectric can
be done to develop a nanoantenna that can operate in areas where broadband and
narrowband are required [53]. Spectral overlap of different multipolar modes may
be achieved by the use of a broader Mie resonance because a large number of modes

involved in the system allow for the development of a higher directivity capability.
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In Ref. [61] the light scattering of Titania nano-sphere is given in Fig. 6. Note that
the nanoparticles acquire structural colors depending on their size, which reveals

sharp resonances, neat structural colors, and high directivity.

Figure 6: Scattering color profile of dielectric nanoparticles according to their size. Small size

particles scatter in blue colors, while bigger islands more towards red [61].

Nanoantenna technology still has a vast potential of improving a variety of
devices used for communication and other elements. One of the major devices that
can be size reduction and improvement of antennas can be mobile phone and
television [62]. The size and capabilities of the antennas have a considerable impact
on the overall size and capabilities of mobile phones. Poor antenna limits the
application of mobile phones as they cannot receive weak signals and send signals
at the required intensity [63]. Likewise, large antennas lead to an increase in mobile
phone sizes as they are majorly used for signal demodulation and modulation.
Furthermore, the reduction of antenna size will open the field of nano
communication devices that can be used for the development of small

communication devices.
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1.3.1 Solid State Dewetting

How we can fabricate all-dielectric Mie resonators? Among the popular
techniques to develop suitable all-dielectric nanoparticle seeds for single-photon
emission, is to manipulate the surface morphology of thin films. Several nano-
patterning technologies (Fig. 7) such as Reactive lon etching (RIE), lon Beam
Lithography (IBL), or Electron Beam Lithography (EBL) [22] may be applied to
generate arrays of pillars or more complicated arrangements to form a metasurface.
However, a purely top-down technique, in spite of its broad use and precision, is
not appropriate for the integration of light emitters owing to the large defectivity
that induces on the lateral walls of the etched structures. For this reason, we
concentrate our attention on an emerging technique, solid state dewetting that
allows forming disordered and ordered sub-micrometric islands acting as Mie
resonators. The hybrid use of top-down patterning prior to dewetting and the
bottom-up assembly of 3D structures provide the necessary precision in organizing

the antennas and atomically smooth surfaces that minimize the surface defects.

3pm>ooo
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Figure 7: EBL and RIE nano-patterning on Si substrate with well-defined position of Si or
Ge islands or disks [22].
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Therefore, there is a need to describe some of the patterning techniques and

their applications in nanotechnology and the development of electronics.

1.3.2 Solid & liquid state dewetting phenomenon

Among other techniques to achieve such kind of nano-patterning is a
spontaneous phenomenon, so-called solid state dewetting or just dewetting.
Dewetting can occur in liquid state of matter, such as when rain falling on a window
may break down into smaller particles as its roles in a dirty window [64] (Fig. 8).
However, dewetting may be undesirable as it leads to breakage of elements that
should remain intact to have the desired shape and function [65]. For instance,
dewetting in the paint may lead to poor surface finish. However, the process may be
essential in some industrial applications where fast drying of fluids is desirable [66].
For example, in aviation, the impact of water on the fuselage should be minimized
for the proper operation of the elements. As observed by Takenaka et al. [64], the
fuselage is sprayed with anti-ice fluid that makes it non-wettable. In some cases,
residues left by drying fluid may be undesirable. Therefore, a chemical may be used
to remove the residue together with the fluid. For instance, dishwashers are

specifically made to prevent the wetting of the dish surface.
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Figure 8: Left panel: Wetting layer of water droplets on a hydrophobic surface. Right panel: Liquid
forming droplets after surpassing a certain neck size.

However, dewetting can also occur in the solid phase of the matter especially
in thin films. The so-called solid-state dewetting is the process that breaks a
continuous thin film into separate objects such as droplets and stripes. Thin films are
in general in the metastable condition when they are deposited on a substrate. Thus,
when they are treated at high temperatures, they tend to agglomerate forming arrays
of nano-islands. The thin film, when perturbed, often rearrange into separate
elements instead of forming a continuous surface. The whole process can occur
below the melting temperature of the thin film, which means that the thin film is in
solid state (i.e. solid state dewetting). The main player in this metamorphosis is the
minimization of the total energy between the surfaces of the film and the substrate
[67]. Thus, different behavior is observed with crystalline thin films of different
materials with various substrates. In Fig. 9 a thin solid film is resting on top of the
substrate and after the annealing solid state dewetting occurs resulting in individual
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islands. Moreover, dewetting is accelerated when the thin film’s thickness decreases,

and is much easier for the dewetting process to start at a lower temperature [25].

Figure 9: Solid-state dewetting of thin films can dewet to create isolated nanoislands. This occurs

while the material remains in the solid state [67].

Thus, dewetting indeed has a wide variety of applications both at home, in
research, and in an industrial setting. Biscarini et al. [68] indicate that most of the
technological applications of dewetting require precise size control to improve the
application of the particles generated. This control may result in a final arrangement
of particles with predefined sizes and spatial distribution by lon-beam
nanopatterning [69]. Therefore, the process may be used instead of expensive and
complicated lithographic processes, like those mentioned above.

Nevertheless, dewetting can form much more complicated structures and
state-of-the-art applications. Dewetting is used to form nanoparticles arrays for
sensors, or even semiconductor nanowires [67]. An important application of
dewetting has emerged in the field of light matter interaction objects, where
nanoislands formed via solid state dewetting, working as resonators and photonic

cavities [54].
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1.3.3 Physical-Chemical dynamics of Dewetting

Solid state dewetting is a commonly used technique in microelectronics and
integrated circuits applications. In particular, Silicon on Insulator (SOI) substrates
are substrates with popular use in the research of dewetting films [20]. A number of
examples showed that dewetting is on purpose used to determine a substrate with
particles and arrays. Solid state dewetting usually arises from the undesired
interaction of different surfaces and surface molecules and their attractive forces
between them. Dewetting involves a physical-chemical process that it may be
considered as a reverse process of spreading a liquid as it involves the withdrawal of
fluid elements from a wet surface [70].

The fundamental interaction between the contacting substrates, they follow
some rules according to equation 1.2. The wetting elements may be grouped into two
distinct groups that include partial and full wetting depending on the difference
between the surface tensions and the surface energy per unit area covered (Esu).
Arscott [71] states that surface energy considered must include the wet and dry
substrate. The spreading parameter of the two stated can be calculated using the eq.

(1.3) as follows:

s = [Esub]dry — [Esub]wet = Yso — (Ysl +Y) (1.3)
The coefficients Y indicate the surface tension of the liquid at the solid air, solid-
liquid, and solid air, respectively. The wetting parameter S is positive when the

wetting is complete. Fig. 10, is indicated that dewetting can be found also in nature

with the raindrops to form a round droplet on top of different surfaces.
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Figure 10: Examples of a raindrop on the top of a hydrophobic surface.

Therefore, due to the balance of the capillary forces, the film spreads
uniformly on the substrate surface to form a continuous film [71, 72]. When partial
wetting happens, the wetting coefficient is negative, and the liquid forms droplets on
the surface of the solid. For partial wetting, the wetting angle is greater than zero, as
presented in Fig. 11a. Concerning the thin films, dewetting is driven by the atomic
motion, from their metastable equilibrium. Usually, the dewetting initiates from
some preexisted holes or scratches on the surface, or even from the edges of the
sample. Therefore, when the temperature is increased the atoms start to travel and
the rate of dewetting is strongly affected by the temperature (Fig. 12). Generally, the
process consists of 3 distinguishable phases. First the hole formation, then the hole

growth, and finally the ligament breakup.

37



a) b)
< N

$>0/ \\\S<0 Mostly wetting

-—
L £°8 S0

Total Wetting Partial Wetting Mostly non-wetting

Figure 11: Representation of wetting regimes on a solid surface [74].

The island’s formation is driven by the well-known Rayleigh-Plateau
instability [67] from solid cylinders, which are unstable by a range of perturbations.
An example is the droplet formation from the running water coming from the sink
in our kitchen. In Fig. 12 we can see the island's formation from the breakage of the
cylindrical shape rim moving towards the black boundaries. A hole is important to
be formed, in order for the process to be started. When the hole formation is done,
then the thin film starts to retreat to enlarge the hole formation into a bigger one.

Then, the fingers-like rims appear and eventually, leave behind a row of islands.
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Figure 12: Spontaneous solid state dewetting of a thin film (black area) on a substrate (white

area). The arrays of nanoislands appear as droplets on the surface [74].

Finally, after dewetting occurred and it reached its fully dewetting conditions,
further annealing led to an effect where atoms from a smaller island de-attached and
joined a larger island with higher surface energy, the so-called Ostwald ripening
process [74]. The coalescence may continue until an equilibrium molecule size and
shape is achieved. The growth of the island often leads to a depletion of the region
where the previous island was situated. However, the process may stop as other

forces kick in and begin to reshape the particles, their spatial distance, and size.

1.3.5 Dewetting evolution of single crystal thin films
In normal circumstances, dewetting leads to the rapid formation of particles
with considerable spatial correlations. However, the particles may not form a

desirable pattern over a large area. The precise positions and size of multiple lengths
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may be controlled by patterning the thin film prior to annealing and controlling the
surface tension of the substrate [75].

Coming back to single crystal thin films, like the Silicon on insulator (SOI),
dewetting is a very common technique to perturb the thin film and engineer the
surface in a desirable way. However, the original pre-existing hole to initiate the
solid state dewetting process seems to be unlikely. Thus, an intentional introduction
of a hole or more complex structures on the film surface that react locally to make
the film discontinuous and eventually, assist the dewetting process to begin [76]. Fig.
13 presents examples of holes in single-crystal films. Assisted dewetting can be
obtained not only by introducing intentionally holes and pins on thin films’ surface
but also lithographic processes can be used to arrive in more complex scenarios of
dewetting according to the desired application. Lithographic and other patterning
procedures can modify the substrate surface or pre-patterning the film before
dewetting occurs [67]. This can provide arrays and formulated islands to control self-

organization in order to obtain desirable patterns formed by solid-state dewetting.
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Figure 13: Arrays of dewetted patches by introducing 3 holes along with the patch. The
dewetting appears to be identical in all cases [76].

More assisted methods introduce techniques such as stamp-assisted dewetting
which involves the deposition of material between a stamp and a substrate. The
dewetting process is conducted with a constrained position and time to generate the
desired shape and size. Quasi-equilibrium conditions can be attained within a short
time due to a reduction in the size of the dewetting area. This method can be used
to overcome the limitation of thin-film technology by providing a superior surface
quality within a short time. The stamp assisted dewetting also enhances the sizes of
the nanoparticles through the imposition of the motif on the nanoparticles. Therefore,
stamp protrusion can be used to generate versatile patterns.

By changing dewetting parameters, for instance, the substrate temperature
during the annealing process, different assemblies can be achieved. Thermal
dewetting has been explored also for generating two-component SiGe or pure Si and
Ge nanoparticles. In ref. [25], an amorphous thin Ge layer film, after a single thermal
annealing step, we can observe step by step the occurring dewetting mechanism
leading to single crystal Ge islands on the top of SiO,/Si (001) substrate. A further
potential of joining silicon dewetting with germanium deposition is presented in
chapter 3 of this thesis, where it is highlighted how this technique allows a
modification of the size distribution and the shape of the dewetted particles.

All in all, solid state dewetting is an easy and efficient technique to fabricate
nanoparticles on demand. However, the need to control the size, shape, and position
within the entire sample with spontaneous dewetting is impossible to achieve. To
overcome this problem there is the need for assisted dewetting methods such as
lithography or other laser-assisted methods which in many cases the current thesis

implements to reach the desirable architecture for the experimental process.
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1.3.7. Nano-islands’ faceting shape fabricated from dewetting

A relevant advantage of dewetting over other fabrication methods is the
possibility to form faceted objects and thus atomically smooth. In the work of A.A.
Shklyaeva et.al. [65], SiGe islands arising during the deposition of Ge on the top of
Si (001) in high temperatures. The formation of the islands occurs when the kinetic
limitations are reduced and the growth conditions are close to thermodynamically
equilibrium. Islands’ shapes indicate that the atom diffusion rate becomes large
enough to provide the corresponding massive atom transport along the surface. The
upper part of the islands is covered with facets, such as {501}, {311}, {23 15 3} and
{111}, which are usually observed on the sides of large Ge and Si islands as shown

in Fig. 14.

Figure 14: Faceting shape with the minimum energy exposed facets [65].

Faceting during deposition or growth is a much more complex mechanism that
relies on material properties and morphological configurations. In ref [77], it is
shown that deposition kinetics anisotropy is the root cause of facet propagation in
Si, especially for the {311} facets that are very usually observed as shown in Fig.
15.
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Figure 15: TEM picture of a SiGe faceting shape with the dominant {111} and {311} facets
exposed [77].

The authors of ref [13] showed the influence of heteroepitaxial grown on Ge
on the thermal dewetting and agglomeration of the Si (0 0 1) template layer in
ultrathin silicon-on-insulator (SOI). The dewetted islands are still facetted, but not
predominantly bounded by the {3 1 1} facets like the previous reports. Instead, the
dominant exposed facet {1 0 5} is observed in certain growing conditions as shown
in Fig. 16.

Figure 16: AFM of exposed facets on the Ge nano-island [13].
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The influence of solid state dewetting in the faceting shape of Ge islands on
the top of Si (001) substrate is studied in [78]. Specifically, in this study, X-ray
diffraction technique was used to reveal the main physical parameters (activation
energy and kinetic pre-factors) that govern the dewetting dynamics of Ge (001)
solid-state thin films on amorphous SiO, substrate (Fig. 17). A real-space imaging
technique (GISAXS) can give access to the mean shape of the agglomerated 3D
island, including facets. The main facets are {113}, {15 3 23}, and {111} facets.
Besides, the most intense signal comes from the {113}, meaning that the mean shape
of the Ge islands exhibits large {113} facets.
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Figure 17: A real-space imaging technique (GISAXS) gives the 3D representation of the
island including the faceting shape [79].

The influence of faceting on solid state dewetting mechanisms is studied in
[79]. They show the effects of facets on the dewetting properties of an anisotropic

material and that {15 3 23} can be “switched off” or can be “switched on” by varying
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the temperature. However, at temperatures higher than 800 degrees, {15 3 23} facets

disappear, and the {311} facets re-introduce.

1)

2)

3)

4)

5)
6)

7)
8)
9)

Bibliography

Arute, F., Arya, K., Babbush, R. et al. ‘Quantum supremacy using a programmable
superconducting processor’. Nature 574, 505-510 (2019).

HAN-SEN ZHONG, HUI WANG et. al. ‘Quantum computational advantage using photons’,
SCIENCE 1460-1463, 2020.

G. Brassard, ’Brief history of quantum cryptography: a personal perspective’ IEEE
Information Theory Workshop on Theory and Practice in Information-Theoretic Security,
2005.

XIAO YUAN, ‘A quantum-computing advantage for chemistry’, SCIENCE, 1054-1055,
2020.

Trabesinger, A. Quantum computing: towards reality. Nature 543, S1 (2017).
Alvarez-Rodriguez, U., Sanz, M., Lamata, L. et al. Quantum Artificial Life in an IBM
Quantum Computer. Sci Rep 8, 14793 (2018).

Harrow, A., Montanaro, A. Quantum computational supremacy. Nature 549, 203-209 (2017).
Simmons, M. A new horizon for quantum information. npj Quantum Inf 1, 15013 (2015).
Zhong, H., Wang, Y. Quantum dots on demand. Nat. Photonics 14, 65-66 (2020).

10) Scappucci, G., Kloeffel, C., Zwanenburg, F.A. et al. The germanium quantum information

route. Nat Rev Mater (2020).

11) Piquero-Zulaica, 1., Lobo-Checa, J., Sadeghi, A. et al. Precise engineering of quantum dot

array coupling through their barrier widths. Nat Commun 8, 787 (2017).

12) Nurmikko, A. What future for quantum dot-based light emitters?. Nature Nanotech 10, 1001—

1004 (2015).

13) Kimble, H. The quantum internet. Nature 453, 1023-1030 (2008).

45



14) Somaschi, N., Giesz, V., De Santis, L. et al. Near-optimal single-photon sources in the solid
state. Nature Photon 10, 340-345 (2016).

15) Reimer, M.E., Cher, C. The quest for a perfect single-photon source. Nat. Photonics 13, 734—
736 (2019).

16) Paesani, S., Borghi, M., Signorini, S. et al. Near-ideal spontaneous photon sources in silicon
quantum photonics. Nat Commun 11, 2505 (2020).

17) Lin, X., Dai, X., Pu, C. et al. Electrically-driven single-photon sources based on colloidal
quantum dots with near-optimal antibunching at room temperature. Nat Commun 8, 1132
(2017).

18) Khramtsov, I.A., Vyshnevyy, A.A. & Fedyanin, D.Y. Enhancing the brightness of electrically
driven single-photon sources using color centers in silicon carbide. npj Quantum Inf 4, 15
(2018).

19) Grosso, G., Moon, H., Lienhard, B. et al. Tunable and high-purity room temperature single-
photon emission from atomic defects in hexagonal boron nitride. Nat Commun 8, 705 (2017).

20) Marco Abbarchi, Meher Naffouti, Benjamin Vial, et al, ‘Wafer Scale Formation of
Monocrystalline Silicon-Based Mie Resonators via Silicon-on-Insulator Dewetting’, ACS
Nano, 8, 11, 11181-11190, (2014).

21) Andrey B. Evlyukhin, Carsten Reinhardt, Andreas Seidel, Boris S. Luk’yanchuk, and Boris
N. Chichkov, ‘Optical response features of Si-nanoparticle arrays’, Phys. Rev. B 82, 045404,
(2010).

22) Spinelli, P., Verschuuren, M. & Polman, A. Broadband omnidirectional antireflection coating
based on subwavelength surface Mie resonators. Nat Commun 3, 692 (2012).

23) Isabelle Staude, Andrey E. Miroshnichenko, Manuel Decker, et al, ‘Tailoring Directional
Scattering through Magnetic and Electric Resonances in Subwavelength Silicon Nanodisks’,
ACS Nano, 7, 9, 7824-7832, 2013.

24) Berbezier, 1., Aouassa, M., Ronda, A., Favre, L., Bollani, M., Sordan, R., Delobbe, A., &
Sudraud, P. ‘Ordered arrays of SI and GE nanocrystals via dewetting of pre-patterned thin
films’, Journal of Applied Physics, 113(6), 064908, (2013).

25) Dimosthenis Toliopoulos, Alexey Fedorov, Sergio Bietti, Monica Bollani, Shiro Tsukamoto,

Emiliano Bonera, Marco Abbarchi, Andrea Ballabio, Giovanni Isella, Stefano

46



Sanguinetti,”Solid-state dewetting of amorphous Ge thin film Si02/Si (001)’, Nanomaterials,
10, 2542, (2020).

26) Bulu, I., Babinec, T., Hausmann, B., Choy, J. T., & Loncar, M, ‘Plasmonic resonators for
enhanced diamond NV- center single photon sources’, Optics Express, 19(6), 5268, (2011).

27) Akopian, N., Wang, L., Rastelli, A., Schmidt, O. G. & Zwiller, V., ‘Hybrid semiconductor-
atomic interface: Slowing down single photons from a quantum dot’, Nat. Photonics 5, 230—
233 (2011).

28) Trotta, R. et al. “Wavelength-tunable sources of entangled photons interfaced with atomic
vapours’, Nat. Commun. 7, 10375 (2016).

29) Ward, M. B. et al. ‘Coherent dynamics of a telecom-wavelength entangled photon source’,
Nat. Commun. 5, 3316 (2014).

30) Portalupi, S. L., Jetter, M. & Michler, P., ‘InAs quantum dots grown on metamorphic buffers
as non-classical light sources at telecom C-band: a review’, Semicond. Sci. Technol. 34,
053001 (2019).

31) Cirlin, G. E., Reznik, R. R., Shtrom, I. V., Khrebtov, A. ., Samsonenko, Y. B., Kukushkin, S.
A., Kasama, T., & Akopian, N, ‘Hybrid GaAs/AlGaAs nanowire quantum dot system for
single photon sources’, Technical Physics, 52(4), 469, (2018).

32) Abdellatif, M., Song, J., Choi, W., Cho, N., & Lee, J., ‘Quantum dot-like effect in
InGaAs/GaAs quantum well,” The European Physical Journal Applied Physics, 55(2), 20402,
(2012).

33) Bergman, K., ‘Nanophotonic interconnection networks for performance-energy optimized
computing’, IEEE International Interconnect Technology Conference (2012).

34) Wakayama, Y., Tagami, T., & Tanaka, S. (1999). Three-dimensional islands of SI and GE
formed on SiO2 through crystallization and agglomeration from amorphous thin films. Thin
Solid Films, 350(1-2), 300-307.

35) S. Minari, L. Cavigli, F. Sarti, M. Abbarchi, N. Accanto, G. Mu~noz Matutano, S. Bietti, S.
Sanguinetti, A. Vinattieri, and M. Gurioli,”Single photon emission from impurity centers in
AlGaAs epilayers on Ge and Si substrates’, APPLIED PHYSICS LETTERS 101, 172105
(2012).

47



36) Rosa Brouri, Alexios Beveratos, Jean-Philippe Poizat, and Philippe Grangier, "Photon
antibunching in the fluorescence of individual color centers in diamond," Opt. Lett. 25, 1294-
1296 (2000)

37) Christian Kurtsiefer, Sonja Mayer, Patrick Zarda, and Harald Weinfurter, ‘Stable Solid-State
Source of Single Photons’, Vol. 85, Iss. 2, (2000).

38)S. Strauf P. Michler J. Gutowski M. Klude D. Hommel D. Wolverson J.J. Davies,
‘Negatively Charged Donor Centers in Ultrathin ZnSe:N Layers’, 229, 1, 245-250, (2002).

39) A. Muller, P. Bianucci, C. Piermarocchi, M. Fornari, I. C. Robin, R. Andre, and C. K. Shih,
‘Time-resolved photoluminescence spectroscopy of individual Te impurity centers in ZnSe’,
Phys. Rev. B 73, 081306 (2006).

40) K. Sanaka, A. Pawlis, T. D. Ladd, D. J. Sleiter, K. Lischka, and Y. Yamamoto, ‘Entangling
Single Photons from Independently Tuned Semiconductor Nanoemitters’, Nano Lett. 12,4611
(2012).

41) M. Ikezawa, Y. Sakuma, L. Zhang, Y. Sone, T. Mori, T. Hamano, M. Watanabe, K. Sakoda,
and Y. Masumoto, ‘Quantum interference of two photons emitted from a luminescence center
in GaAs:N’, Appl. Phys. Lett. 100, 042106 (2012).

42)F. Sarti, G. Mufioz Matutano, D. Bauer, N. Dotti, S. Bietti, G. Isella, A. Vinattieri, S.
Sanguinetti, and M. Gurioli,”Multiexciton complex from extrinsic centers in AlGaAs epilayers
on Ge and Si substrates’, Journal of Applied Physics 114, 224314 (2013).

43) Frigeri, P., Seravalli, L., Trevisi, G., & Franchi, S, ‘Molecular beam epitaxy: An overview’,
Reference Module in Materials Science and Materials Engineering, (2016).

44) Raghavan, S., Schumann, T., Kim, H., Zhang, J. Y., Cain, T. A., & Stemmer, S. ‘High-
mobility BaSnO3 grown by oxide molecular beam epitaxy’, Apl Materials, 4(1), 016106,
(2016).

45) Paik, H., Chen, Z., Lochocki, E., Seidner H, A., Verma, A., Tanen, N. & Briitzam, M. .
‘Adsorption-controlled growth of La-doped BaSnO3 by molecular-beam epitaxy’, APL
Materials, 5(11), 116107, (2017).

46) Shimamune, Y., Jimbo, K., Nishida, G., Murayama, M., Takeuchi, A., & Katagiri, H.
‘Cu2ZnSnS4 formation by co-evaporation and subsequent annealing in S-flux using molecular
beam epitaxy system’, Thin Solid Films, 638, 312-317, (2017).

48



47)Kako, S. et al. ‘A gallium nitride single-photon source operating at 200 K’, Nat. Mater. 5,
887-892 (2006).

48) Sortino, L., Zotev, P.G., Mignuzzi, S. et al. ‘Enhanced light-matter interaction in an atomically
thin semiconductor coupled with dielectric nano-antennas’, Nat Commun 10, 5119 (2019).
49) Engel, M., Steiner, M., Lombardo, A. et al. ‘Light-matter interaction in a microcavity-

controlled graphene transistor’, Nat Commun 3, 906 (2012).

50) Siegle, T., Schierle, S., Kraemmer, S. et al. ‘Photonic molecules with a tunable inter-cavity
gap’, Light Sci Appl 6, 16224 (2017).

51) De Liberato, S. ‘Light-matter decoupling in the deep strong coupling regime: The breakdown
of the Purcell effect’, Physical review letters, 112 (1), 016401, (2014).

52) Reitz, M., Mineo, F., & Genes, C. ‘Energy transfer and correlations in cavity-embedded donor-
acceptor configurations’, Scientific reports, 8(1), 1-11, (2018).

53) Bidault, S., Mivelle, M., & Bonod, N. ‘Dielectric nanoantennas to manipulate solid-state light
emission’, Journal of Applied Physics, 126(9), 094104, (2019).

54) Meher Naffouti, Thomas David, Abdelmalek Benkouider, Luc Favre, Antoine Ronda, Isabelle
Berbezier, Sebastien Bidault, Nicolas Bonod and Marco Abbarchi, ‘Fabrication of poly-
crystalline Si-based Mie resonators via amorphous Si on SiO2 dewetting’, Nanoscale, 2016,
8, 2844.

55) Garin, M., Fenollosa, R., Alcubilla, R. et al. ‘All-silicon spherical-Mie-resonator photodiode
with spectral response in the infrared region’, Nat Commun 5, 3440 (2014).

56) G. LI, Z. XIANG, F. YU, T. ASABA, B. LAWSON, P. CAI, C. TINSMAN, A. BERKLEY,
S. WOLGAST, Y. S. EO, DAE-JEONG KIM, C. KURDAK, J. W. ALLEN, K. SUN, X. H.
CHEN, Y. Y. WANG, Z. FISK, LU LI, ‘Two-dimensional Fermi surfaces in Kondo insulator
SmB6’, SCIENCE, 1208-1212, (2014).

57) Alexey P. Slobozhanyuk, Alexander N. Poddubny, Andrey E. Miroshnichenko, Pavel A.
Belov, and Yuri S. Kivshar, ‘Subwavelength Topological Edge States in Optically Resonant
Dielectric Structures’, Phys. Rev. Lett. 114, 123901, (2015).

58) Gu, J., Singh, R. Liu, X. et al. ‘Active control of electromagnetically induced transparency
analogue in terahertz metamaterials’, Nat Commun 3, 1151 (2012).

59) MOHAMMADREZA KHORASANINEJAD, WEI TING CHEN, ROBERT C. DEVLIN,
JAEWON OH, ALEXANDER Y. ZHU, FEDERICO CAPASSO, ‘Metalenses at visible

49



wavelengths: Diffraction-limited focusing and subwavelength resolution imaging’,
SCIENCE, 1190-1194, (2016).

60) Checcucci, S. (2018). ‘Mie resonators for photonic applications at optical frequencies’,
International Doctorate in Atomic and Molecular Photonics.

61) Simona Checcucci, Thomas Bottein, Jean-Benoit Claude, Thomas Wood, Magali Putero, Luc
Favre, Massimo Gurioli, Marco Abbarchi, David Grosso, ‘Titania-Based Spherical Mie
Resonators Elaborated by High-Throughput Aerosol Spray: Single Object Investigation’, Adv.
Fun. Mat, Volume 28, Issue 31, (2018).

62) Aouassa, M., Berbezier, 1., Favre, L., Ronda, A., Bollani, M., Sordan, R., Delobbe, A., &
Sudraud, P. ‘Design of free patterns of nanocrystals with ad hoc features via templated
dewetting’, Applied Physics Letters, 101(1), 013117, (2012).

63) Sandoval, L., Reina, C., & Marian, J. ‘Formation of Nanotwin networks during high-
temperature crystallization of amorphous germanium’, Scientific Reports, 5(1), (2015).

64) Takenaka, Y., Sumino, Y., & Ohzono, T. ‘Dewetting of a droplet induced by the adsorption
of surfactants on a glass substrate’, Soft Matter, 10(30), 5597, (2014).

65) A.A. Shklyaeva, A.E. Budazhapova, ‘Submicron- and micron-sized SiGe island formation on
Si (100) by dewetting’, Thin Solid Films 642 (2017) 345-351.

66) Sutter, E., & Sutter, P. ‘Assembly of GE nanocrystals on SiO2 via a stress-induced dewetting
process’, Nanotechnology, 17(15), 3724-3727, (2006).

67) Carl V. Thompson, ‘Solid-State Dewetting of Thin Films’, Annu. Rev. Mater. Res, 42, 399,
(2012).

68) Biscarini, F., Gentili, D., Margapoti, E., & Cavallini, M. (2013). Technological applications
of Dewetting. Nanoscale Liquid Interfaces.

69) Pochon, S. P. ‘lon-beam nanopatterning: Experimental results with chemically-assisted
beam’, Advanced Etch Technology for Nanopatterning, (2018).

70) Souda, R. ‘On sub-tg dewetting of nanoconfined liquids and autophobic dewetting of
crystallites’, Physical Chemistry Chemical Physics, 14(12), 4118, (2012).

71) Arscott, S. ‘Dynamic chemically driven Dewetting, spreading, and self-running of sessile
droplets on crystalline silicon’, Langmuir, 32(48), 12611-12622, (2016).

72) Leroy, F., Cheynis, F., Passanante, T., & Miiller, P. (2013). Influence of facets on solid state
dewetting mechanisms: Comparison between GE and SI onSiO2. Physical Review B, 88(3).

50



73) Gentili, D., Foschi, G., Valle, F., Cavallini, M., & Biscarini, F. ‘Applications of Dewetting in
micro and nanotechnology’, Chem. Soc. Rev., 43(35), 12 (2012).

74) David T. Danielson, Daniel K. Sparacin, Jurgen Michel, and Lionel C. Kimerling, ‘Surface-
energy-driven dewetting theory of silicon-on-insulator agglomeration’, Journal of Applied
Physics, 100, 083507, (2006).

75) Chame, A., & Pierre-Louis, O. ‘Modeling dewetting of ultra-thin solid films’, Comptes
Rendus Physique, 14(7), 553-563, (2013).

76) Meher Naffouti, Rainer Backofen, Marco Salvalaglio, Thomas Bottein, Mario Lodari, Axel
Voigt, Thomas David, Abdelmalek Benkouider, Ibtissem Fraj, Luc Favre, Antoine Ronda,
Isabelle Berbezier, David Grosso, Marco Abbarchi, Monica Bollani, ‘Complex dewetting
scenarios of ultrathin silicon films for large-scale nanoarchitectures’, Sci. Adv. 3, 1472 (2017).

77) D. Dutartre, A. Talbot and N. Loubet, ‘Facet Propagation in Si and SiGe Epitaxy or Etching’,
ECS Transactions, 3 (7) 473-487 (2006).

78) F. Cheynis, F. Leroy, T. Passanante, and P. Muller,” Agglomeration dynamics of germanium
islands on a silicon oxide substrate: A grazing incidence small-angle x-ray scattering study’,
APPLIED PHYSICS LETTERS 102, 161603, (2013).

79) F. Leroy, F. Cheynis, T. Passanante, and P. Muller, *Influence of facets on solid state dewetting
mechanisms: Comparison between Ge and Si on Si02’, PHYSICAL REVIEW B 88, 035306,
(2013).

o1



Chapter 2: Experimental methods

In the present chapter, we are going to discuss all different experimental
methods we use throughout the current Ph.D. thesis, to achieve the goal of
fabrication of single photon sources coupled with Mie resonances via solid state
dewetting. A presentation of each experimental instrumentation along with their use

on each experimental step is located in this chapter.

2.1 MBE GEN 11

The semiconductor growth performed for the experiments of this thesis was
carried out in an EPI Veeco Gen || MBE machine installed in LNESS laboratory in

Como. The scheme of the MBE machine is presented in Figure 1.
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Figure 1: Functional block diagram of the Gen 1l MBE system [photo: Veeco Gen Il manual].
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The equipment is composed of operating the experimental process in three
different chambers separated between them by gate valves. The first chamber is an
introduction chamber where it is possible to open inside a connected class 100 flow-
box. Inside the flow-box, the substrates can be mounted on special blocks made by
molybdenum and loaded on a trolley by using pins attachers, and a driver to set the
holder inside them. The trolley has 4 holding positions and therefore, 4 holders with
4 separate substrates can be mounted. Inside the flow-box, there is a heater capable
of reaching 400°C, which allows support pieces of the substrate on molybdenum
blocks using melted indium spread in a wide area of the molyblock. The sample can
stay on the holder due to capillary forces and therefore it doesn’t fall out of the
holder. This is achieved by moving around the sample by making a simple and weak
push from the edge of the sample using a thin teaser. After that, the rest of the indium
Is collected in order to not leave behind any traces which can affect the experimental
process. A different molybdenum block model allows mounting directly a 3" wafer
without using indium. Such an approach with an in-house made holder was made to
hold the substrates in higher annealing temperatures. Pins were holding the
substrates in the corners, leaving unattached most of the surface area of the sample.
From the introduction chamber, it is also possible to collect the samples after the
growth. When the trolley is mounted back to the trolley base it is necessary to regain
the vacuum conditions in this chamber. The vacuum is provided by a rotary pump to
establish a primary vacuum and a Leybold Turbovac 361 turbomolecular pump to
reach ultra-high vacuum, which allows it to reach 107° torr. The pressure inside the
chamber is monitored by a Pirani gauge and a cold cathode gauge measurement
system. To prevent any contamination from the inserted molybdenum blocks to the
other chambers or even from the wall of the chamber which has been exposed to the
atmosphere every time the vacuum is broken, a baking system capable of reaching
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200 °C is available to be used after every opening. The substrate with its holder can
be mounted on the top of this heater and remain for a couple of hours. Passing to the
second chamber which is a buffer chamber where substrates are maintained ready to
be introduced to the main chamber for the growth. This chamber is also in an ultra-
high vacuum environment. By using a long arm the holders can be transferred inside
the main chamber and mounted in the holder position. The substrate is heated up to
600 °C as a degassing stage which is available to heat a single substrate for annealing
experiments or even to desorb impurities without introducing contamination in the
main chamber. In this chamber, the vacuum is provided by a Varian Triode Vac lon
ion pump that allows it to reach 107° torr. The pressure inside the chamber is
monitored with a UHV nude Bayard-Alpert gauge connected to a Granville-Phillips
350 measurement system. A mass spectrometer can monitor the composition of the
atmosphere of this chamber. An overview of the MBE system is shown in Fig. 2.
Three different pumps obtain the vacuum in the main chamber. A cold head
connected with a water supply cooled can reach 10 K and works as a cryogenic
pump. A second system is composed of a titanium sublimation and Varian Triode
Vaclon ion pumps. Combining these pumps allows it to reach a 107*° torr pressure
level inside the main chamber. To monitor the pressure level inside the main chamber
two different UHV nude Bayard-Alpert gauges are used and they are connected to a
Granville-Phillips 350 measurement system. The first is capable of monitoring the
background pressure, while the second can be rotated in the growth position to
measure the equivalent pressure of the atomic or molecular beam coming from the
effusion cells. It is possible to mount up to eight effusion cells at this MBE system
which can be arranged radially in front of the substrate holder. The effusion cells are
connected to Eurotherm 900 EPC controllers for each one cell. Each controller is

able to monitor the temperature of each crucible with the use of a thermocouple. The
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As cell is a valved cracker cell which allows to finely tune the As flux with a needle
valve. To stop or open suddenly the flux, the effusion cells have a pneumatic shutter.
Substrate temperature can be monitored by a thermocouple also connected with a
Eurotherm 900 EPC controller. Rotation and the rotation speed is used to improve
the homogeneity of the deposited sample. Inside the main chamber are present three
cryo-shrouds that can be filled with liquid nitrogen to improve the vacuum and
reduce the contamination of the growth films. The main chamber is also provided
with a position for a Staib reflection high energy electron diffraction (RHEED)
composed of an electron gun with a maximal voltage of 15 keV and a RHEED
fluorescent screen with a CCD camera to acquire the RHEED pattern changes in

real-time during the growth.

Figure 2: MBE system in LNESS Como Laboratory.
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2.2 RHEED

Reflection high energy electron diffraction (RHEED) is a technique through
which important information is gathered about the crystallinity and surface
morphology of the sample, inside the main chamber during the deposition and allows
observing the growth process in situ. An electron gun produces a collimated electron
beam (typically between 4-50 keV) which shoots the specimen at a very small angle
in respect to the sample surface (few degrees). From the RHEED information
collected, the average scattering over a macroscopic area is calculated, based on the
dimension of the beam on the sample. The incident electrons are diffracted by the
atoms on the surface of the specimen and interfere constructively at certain angles
leading to the formation of regular patterns in fluorescence imaging.

One of the most important features of RHEED is the monitoring of layer-by-
layer growth during deposition. A notable phenomenon recorded in the literature is
the observation of oscillations in the intensity of the RHEED pattern, during the
growth of GaAs film into the molecular beam epitaxy chamber. These oscillations
in the intensity appeared immediately after the onset of GaAs deposition over a wide
range of substrate temperatures (500720 °C), growth rates (Ga flux from 1 x 10%3
to 1.5 x 10*® atoms cm~2 s7%) both for doped and undoped material and irrespectively
of the surface reconstruction. The aforementioned oscillations are displayed in
Figure 3. It turned out that the period of the oscillation correlated exactly to the
monolayer growth rate on a (001) oriented substrate, where a monolayer is
determined by one complete Ga layer along with one complete As layer.
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(001) — 2x4 reconstructed surface. The period exactly corresponds to the growth rate of a single
Ga+tAs layer and the amplitude gradually decreases. The marked inflections at the beginning and
end of growth result from the ambient light change as the shutters are opened and closed. (b) The
representation of the formation of a single complete layer and its correspondence with RHEED

intensity signal.

Although the amplitude of the oscillations is damped, it was possible to
distinguish at least ten complete periods. It was therefore obvious that the observed
oscillations provided an accurate picture of the growth rate. In an attempt to explain
the observed behavior, there is initially the assumption of the formation of random
clusters during growth and then the surface is described as fairly smooth. As growth
begins, most adatoms are absorbed before being incorporated into growing clusters,
but as stable clusters form nuclei and spread, the growth rate increases to a maximum
close to a fraction of a complete layer. Then, when the nucleation of the next layer
began, the growth rate reduced. As this sequence was repeated, and as the growth
was distributed in several layers, it gradually faded and therefore the complete
surface, which was formed over multiple levels, became rough. It is finally
concluded that the changes observed in the spectral beam intensity in the RHEED

pattern are directly related to the changes in surface roughness.
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Observation of the RHEED pattern during growth allows the monitoring of
the conditions and the reconstruction of the surface, the control of possible defects
in the lattice and the presence of three-dimensional surface development. The
appearance of Debye rings is attributed to the presence of poly-crystalline islands on

the surface as depicted in Figure 4.

Figure 4: Debye rings indicating the presence of poly-crystalline islands.
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2.3 LEPECVD

A modified version of Plasma Enhanced Chemical Vapor Deposition
(PECVD) has been used for the deposition of a-Ge thin films. The characteristics of
plasma in PECVD allow the growth of epitaxial layers at variance compared to
standard PECVD, which is commonly wused for the deposition of
amorphous/polycrystalline layers [citation]. This modified version is known as Low-
Energy Plasma Enhanced Chemical VVapor Deposition (LEPECVD). The LEPECVD
reactor employs aspects from both standard and plasma-enhanced CVD. The plasma
of standard PECVD is characterized by high energy, while there is additionally high
pressure of the precursor gases, in the range of a few mbar. Thus, due to the collision
between the ions and the surface of the sample attributed to the high energy plasma,
which subsequently leads to damages at the surface of the substrate, epitaxial layers
cannot be formed, constituting epitaxially inefficient. Nanocrystals are also a part of
the standard PECVD plasma as they are formed by a low mean free path, and
subsequently, reach the surface and form a polycrystalline layer. The different
characteristics of LEPECVD along with its operative pressure allow it to have just
activated species (mainly radicals), absorbed on the surface. The surface remains
unaltered since the ions have not enough energy (only a few eV) to produce any

damage on it.
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2.4 Atomic Force Microscopy (AFM)

Figure 5: Atomic Force Microscope in LNESS Laboratory in Como. Objective lens
mounted on a stationary arm on the top of the sample position. The sample holder below can be

seen.

For the morphological characterization of some samples, Atomic Force
Microscopy (AFM) was used. The AFM used for the measurements was a Veeco
Innova installed in the L-NESS laboratory in Como (see Fig. 5). The images were
obtained by tapping mode characterization. We monitor the oscillation amplitude

and phase from a cantilever probe.
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Figure 6: The image of a silicon cantilever AFM probe.

The distance between the examined sample and the probe was set for the tip
to perform oscillations tapping softly on the sample’s surface (see Fig. 6). The
interaction between the probe and the surface provides a feedback signal about its
amplitude and phase. Foremost, the friction produced between the probe and the
surface is reduced using the tapping mode, which is its biggest advantage. On the
other hand, in the contact mode, the cantilever keeps constant contact with the
surface, which is the biggest difference in this tapping mode. A laser beam is directed
and is reflected from a micro-cantilever, onto a mirror, and later in a photodiode. An
AC voltage signal is produced by the oscillating laser spot across the diode as also
the cantilever oscillates. The produced signal from the diode is then refined and
rectified into a DC voltage. The root mean square (RMS) amplitude is then measured
which is proportional to the amount of cantilever oscillation. The setpoint voltage is
compared with the feedback system and the two voltages are kept equal to control
the amplitude of the cantilever. The RMS voltage is reduced to the setpoint voltage
by the feedback loop moving the sample nearer to the tip. The sample reduces the

cantilever movement until the desired RMS voltage is reached (see Fig. 7).
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Figure 7: Schematic representation of the use of the cantilever vibrational amplitude (CVA)
changes for the feedback in tapping mode AFM.

The piezoelectric movement in the Z direction is translated by the oscillation
amplitude of the cantilever, while is in parallel moving the X and Y-axis. The tapping
mode requires that the setpoint voltage should be smaller than the RMS voltage when
the sample and the probe are far enough. To engage the tip on the surface, the
cantilever is getting close until the RMS amplitude is at the setpoint. Usually, the tip
of the cantilever is 10 nm but can be reduced to 2 nm for high-resolution imaging.
The AFM images acquired in this work of thesis were corrected within the program
Gwyddion. Figure 8 shows the cantilever amplitude and topology AFM images of

the Ge islands on top of Si/SiO; substrates.
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Figure 8: Cantilever amplitude AFM image of Ge islands randomly dispersed onto the SiO>

substrate.

2.5 Scanning Electron Microscopy (SEM)

The SEM utilized for the surface morphology measurements is an FEI XL 30
FEG introduced in LNESS research facility in Como as appeared in Fig. 9. Four
fundamental segments joined to deliver the pictures from the sample surface: an
electron gun, a demagnification unit, an output unit, and a recognition unit. The
electron gun, which is the electron source producer, provides electrons inside a little
spatial volume with a small angular spread and selectable energy. The beam enters
the demagnification unit, consisting of a few electron lenses. Electrons hitting the
sample interact with the atoms of the sample surface and produce three sorts of
signals: X-rays, electrons, and photons. The main detector gets the electrons,
enhances them, and converts them into electrical voltage. The output generator signal
moves the beam in a raster way over the sample area. In parallel, the final picture is,

in the same way, a scan of the surface. The images were acquired in planar view to
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estimate the density and the base size of the nanostructures and with a small tilting
angle (typically < 10°) to evaluate the shape and the height of the nanostructures.

The resolution of the instrument is 10 nm.

Figure 9: Scanning Electron Microscope in LNESS Lab in Como.
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2.6 Micro-Photoluminescence (u-PL)

Photoluminescence (PL) is a phenomenon in which when a substance is
irradiated by a light source, that emits de-excitement photons. The analysis of the
emitted radiation spectrum provides information about the optical properties of the
investigated sample and gives an understanding of its electronic structure. In
pursuance of attaining the spatial resolution required to study a nano-sized system,
an objective lens is utilized, which aims to focus the excitation beam over a micron-
sized area and collect the PL emission. The signal is then separated into its spectral
components using a spectrometer and further analyzed. This method is known as
micro-PL spectroscopy. In this work, an analog setup has been employed to perform
PL measurements that have been both time-resolved and time-integrated, to measure
formed QD’s or any single photon source, by III-V semiconductors as shown below.

A schematic representation of the experimental setup is given in Figure 10.
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Figure 10: Schematic representation of the experimental set up of the micro

Photoluminescence.

To excite a sample, the energy of the incident photons is selected greater than

the barriers of the light source. The absorbed photons then create electron-hole pairs
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that fill the extended states of the barrier material and interact with the phonons
leading to instantaneous relaxation, within a few picoseconds, at the edge of the band
where they recombine radiatively or are captured by a light source like QD. When
carriers take over the excited levels of a quantum dot, they tend to relax at a slower
rate, generally a few dozen picoseconds. This effect is known as phonon bottleneck
and has been explained as the lack of available phonon for carrier relaxation, only
after this relaxation they can recombine modes through which carriers can couple to
radiatively recombine. Indeed, a confined exciton can couple to longitudinal-
acoustic phonons (LA) with energies of few meV, while longitudinal-optical
phonons (LO) have a nearly monochromatic dispersion relation (35meV for bulk
GaAs) giving a very small energy range for the relaxation process.

In this experimental work, two laser sources were employed. The first is a
mode-locked Spectra Physics Tsunami Ti: sapphire laser (tunable within 700-1000
nm) optically pumped at 532 nm by a Spectra Physics Millenia Nd: YAG laser,
duplicated in frequency by a BBO crystal. This laser source emits pulses with a
duration of 200 fs and a repetition rate of 82MHz, and it is employed both for time-
integrated and time-resolved PL experiments. For additional research on time-
integrated PL measurements, a CW laser source with emission wavelength at 532
nm is also used. It is composed of a Nd: YAG Coherent Antares 76-s, emitting pulses
at 1064 nm with a duration of 130 ps and a repetition rate of 76MHz. In order to
double the frequency of the pulses, a TBL nonlinear crystal is used, producing a
power output of 3 Watt at 532 nm.

The experiments were conducted at very low temperature (10 K) to avoid both
the non-radiative recombination of the carriers, which leads to quenching of the PL,
and line broadening mechanisms due to phonon interactions. The samples have been

placed in a cryostat, which is a cold finger continuum flux type and temperature
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stabilized utilizing a heater. The advantage of the cryostat is that liquid helium can
circulate without the need for a pump, thus avoiding any unwanted vibrations. Inside
the cryostat, takes place a sequence of a turbomolecular and a rotative pump which
(are) responsible for creating a vacuum (10 mbar). The cryostat is placed on an XY
translation (stage) composed of two M-405CG Linear positioning Stages motors and
two controllers C-863.11 Mercury of Princeton Instruments that achieves precise
position control (with a resolution of 100nm). The real micro-PL setup in which the
low temperature measurements were performed, is portrayed in Figure 11. The laser
beam is focused through the objective lens (100x Mitutoyo) on a small sized area (1
um diameter), which is also responsible for receiving the PL signal. The microscope
Is composed of the objective lens, a dichroic, and a removable mirror and a camera
(Webcam Celestron NexImage) joined to a photographic objective (lens) (f = 200
mm).

The magnified image of the sample is obtained from the camera, by inserting
the removable mirror. In order to position the excitation laser spot on the light source
with maximum accuracy, a translation (stage) is employed to control the movements
orthogonal to the beam. Besides, a piezoelectric translator (resolution 100 nm)
provides control over the vertical position of the objective, allowing a detailed focus
adjustment. The excitation beam and the PL signal share a portion of the optical path
until the dichroic mirror, returning the PL signal which is directed to the
spectrometer and filters the sections with high frequencies belonging to the
excitation source. The PL signal is focused through a lens (f = 15mm) on the entrance
slit of an Acton Spectra Pro 2300i monochromator in Czerny-Turner configuration,
with a focal length of 300 mm, and three (selectable) gratings. For the measurements,
a 750nm -blazed 1200 g/mm and a 1um-blazed 600 g/mm grating has been selected.
Moreover, the charge coupled device (CCD) PIXIS 100 of Princeton Instruments is
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placed in the flat-field exit of the monochromator, which is cooled at -70 °C with a
double stage Peltier module and has a matrix of 1340 x 100 pixels with the
dimensions of 20 um x 20 pum, that responds to optical signals in the bandwidth of
400-1050 nm. The monochromator setting is driven by Mono Control software and
the CCD spectra acquisition by the Winspec software. The monochromator also has
a second exit slit which is used for time-resolved PL measurements and is described
further in the next section. The spatial resolution of the micro-PL setup is ~1 pm and

the spectral resolution around 500 peV (using the 600 g/mm grating).

Figure 11: Micro-Photoluminescence set up in LENS laboratory in the University of

Florence.
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2.7 Time-resolved Photoluminescence (PL)

The time-resolved measurements performed in the same equipment the micro-
PL characterization was done. The measurements were executed on the IlI-V
semiconductors on Ge nano-islands onto SiO, substrates in order to study the carrier
recombination dynamics. The most common approach is to implement a Time-
Correlated Single Photon Counting (TCSPC) experiment and excite the sample with
a pulsed laser with high repletion rate between 10 to 100 MHz. For each experiment
was measured the time delay of the photons emitted towards the detector. By
building a histogram of the events versus the time delay we can extract the decay
curve for each single photon emitter. Furthermore, from the plot, we can calculate
the lifetime of a confined emitted photon. In the following schematic, Fig. 12

indicated the differences in the set-up compared to the PL-set up.
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Figure 12: Time resolved measurements were done using the experimental configurations

as shown in the figure above.

2.8 Dark Field Spectroscopy

The Dark field measurements were performed on each individual nano-island
in order to extract their scattering profile. A microscope (ZEISS Axio Observer) with
a 100-x magnification objective lens (hnumerical aperture NA = 0.9) was used in Dark
field mode to collect the scattering light. Then an optical fiber (Ocean Optics
multimode fiber, VIS-NIR, core diameter 200 mm) was used to collect the light and
drive it to the spectrometer. The microscope is connected with a spectrometer and
Si-based CCD linear array (Flame-T-VIS-NIR by Ocean Optics). A schematic

representation of the DF set up is given in the following Figure 13.
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Figure 13: Dark Field Spectroscopy on the individual Dielectric Mie Resonators.
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Chapter 3: Solid-state dewetting

dynamics of amorphous Ge

In this chapter, the results of a detailed analysis of the solid state dewetting
process of a-Ge thin films on a SiO,/Si (001) substrate is presented. It is discussed
the main results obtained in LNESS Laboratories in Como as part of the experimental
training for the current thesis. The results were published and can be found in ref.
[1]. The goal of this step is to create a suitable nano-antenna seed for the epitaxial
regrow of I11-V semiconductors, via solid state dewetting and the study of its
dynamics. Therefore, the final goal of this chapter is about controlling the dewetting
process in order to obtain islands with controlled size. Surface energy minimization,
which drives the dewetting in crystalline layers in the major player on surface
dynamics, along with Ge crystal nucleation and Ge diffusion on the a-Ge surface for
the transformation of the amorphous thin films into crystalline nano-islands. Thin
films in their two dimensional state are considered as unstable continuous films and
therefore they could break into a more stable state such as nano-islands whenever a
heat treatment occurs to them [2-4]. This process is kinetically controlled by surface
diffusion [5], forming nanoparticles from a metastable state of equilibrium thin film.
This process is a spontaneous phenomenon occurring and depends on the time and
the temperature of the annealing. Itis an easy and full wafer process and can organize
nanoparticles according to the needs in nanoscale [6]. More details about the solid
state dewetting process are presented in the introduction chapter 1 of this thesis

report.
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Solid state dewetting of the Si or Ge thin films is considered a scalable
fabrication process and it can lead to complex and/or desirable configuration
structures by tuning the size, size distribution, and surface distribution [7,8,9]. In this
set of experiments, the main mechanism which drives this metamorphosis is surface
energy minimization along with surface diffusion [10,11]. Si [12] and Ge [13] thin
films deposited on an insulator have been reported from the research community to
be exploited for light manipulation in visible and near infrared. The formed islands
from the heat treatment of these class of thin films are called Mie-resonators and
they are capable of light management. Such islands confine light and are considered
to be the counterpart of the metallic particles with plasmonic effect for light matter
interaction and the enhancement of light manipulation, as previously reported in

chapter 1.

However, the use of crystalline Si and crystalline Ge on insulators for the
fabrication of islands via solid state dewetting has several disadvantages, due to the
constraint of the system on simple geometries. The preparation of such kinds of
crystalline thin films is very difficult and costly. However, there is the possibility to
obtain the same class of crystalline nano-islands as Mie-resonators for light
manipulation by dewetting thin a-Ge films. The process allows for obtaining the
desired particle size and size distribution from group IV semiconductor films
deposited on top of SiO; in order to be implemented in applications in photonic
technology with complicated geometries and patterned substrates such as obtaining
a single photon emitter or entangled photon emitter. However, dewetting of this kind
of thin film is not yet fully addressed and the results can be interesting for the
scientific community since single photon emitters can be used for quantum

computing and similar applications. Hereby, some of the observations are presented
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and discussed to promote this class of crystalline islands from amorphous Ge thin

films.

The substrates used for our experiments are three thin layers of Ge (5, 10, and 15
nm). All samples’ thin films were deposited by low-energy plasma-enhanced
chemical vapor deposition (LEPECVD) described in chapter 2, at 100 °C with a
growth rate of 0.25 nm/s. Amorphous Ge thin film was grown on the top of 1 pm of
SiO,, obtained by thermal oxidation of a Si (001) substrate [14]. The wafers were
cut into several pieces and were kept in the nitrogen flow fume hood inside a clean
room. The size of the samples was about 1 cm? size. Once it was needed to mount a
sample on a molyblock holder, the samples were washed with acetone and
isopropanol for 5 min each and then introduced into the ultra-high vacuum (~10°
torr) of a Molecular Beam Epitaxy chamber (MBE). Later the sample was baked for
8 hours at 200 °C inside the intro chamber to remove humidity and other components
coming from the environment. The exact process is described in chapter 2 in detail.
Eleven samples were annealed at increasing temperature, in the range T= 550 °C -
810 °C, for 2 hours in an ultra-high vacuum system. However, for the needs of the
present thesis, we are going to present only a series of experiments from the wafer

of 15 nm original thin film (see Table I) and therefore only 6 samples.

Sample Temp. (°C) Average Density (108
diameter (nm) island/cm?)
S1 550 No dewetting No dewetting
S2 580 115+30 8+ 1
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S3 620 73 +23 25+3

S4 680 55+ 10 40 £2
S5 750 110 £56 11+1
S6 780 120+ 102 9+1

Table 1: Conditions and characteristics used for the solid-state dewetting experiments.

The samples were transferred inside the MBE system with the process
explained in the experimental methods chapter. To start the experiment it needs the
background pressure inside the MBE machine to be about 5 107 torr. The dewetting
experiment during the annealing was monitored in-situ by Reflection High Energy
Electron Diffraction technique (RHEED). This technique was explained in detail in
the experimental methods chapter 2. When the dewetting process initiates, a blur
appearance of rings (see Fig. 4), which are coming from the surface crystallization
from the amorphous thin film. That gives the signal that dewetting and crystallization
has already started. Later, when the experiment was finished the morphological
characterization of the samples was tested ex-situ with a Scanning Electron
Microscope (SEM) imaging and with an Atomic Force Microscopy tool. The
crystallinity of the islands was confirmed by using a micro-Raman setup
spectrometer using a A= 532 nm laser as an excitation source. The used power of the
laser illuminating the sample was less than W= 1 mW. The stage where the sample

was mounted had a 0.1 um lateral resolution movement. An objective lens of 100X
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(0.90 numerical aperture) was used for the excitation and the collection in

backscattering configuration.
3.1 Results

The experiments are designed in such a way to address the temperature
dependence versus the original thin film’s thickness by careful study and analyzing
the dewetting dynamics (S1-S6, Table I). In the results, we present SEM pictures in
step-by-step progress in the morphology of the surface of the samples with
experiments of increasing temperatures from 550 °C to 780 °C. However,
observations from experiments below T= 550 °C did not present any significant
change between before and after the annealing of the sample, since no transformation
happened on the thin film. Instead, we observe that if the experiment keeps in longer
time a complete dewetting is expected even in the lower annealing temperature [15].
We observed that, when the temperature exceeds T= 620 °C, all the pristine a-Ge
thin film transforms into 3-D islands, and then we consider the experiment

completed. (Fig. 1c).
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Figure 1: SEM pictures, captured at 45 degrees tilted view of the samples S2 (a), S3 (b), S4
(c), S5 (d), and S6 (e). The white bar corresponds to the distance of 1um.

The typical dimensions of the formed islands observed by SEM, are between
D= 40 nm to D= 150 nm in diameter size. For better understanding, in Figure 1, we
can observe SEM imaging of 5 samples showing how increasing temperature leads
to different stages in the dewetting process on the surface of the sample at the
beginning (Fig. 1a), during (Fig. 1b), and after the end (Fig 1c-1e) of the dewetting
process. The formed nanoparticles on the surface appear to co-exist with the
amorphous Ge film. At T= 580 °C the original film is still in 2D conditions and
another part of the sample is transformed into 3-D islands randomly dispersed onto
the SiO; substrate. In picture (a) Fig.1, we also observe dendritic canyons (visible as
dark trenches in the SEM images) between the Ge islands that are sitting on the
underlying SiO; layer. These canyons, which appear as white lines in SEM images,

are the step between the a-Ge thin film and the exposed SiO, substrate. The steps
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between the a-Ge and the SiO, are formed without any preferential orientation. We
can observe the openings on the top of the Ge thin film while uncovering the
underlying SiO; layer with a parallel formation of the c-Ge island. Those cracks of
a-Ge surface later will form bigger openings in a dendritic shape creating a canyon-
like surface formation, resulting in the breakdown of the a-Ge film into a
discontinuous array. Since the breakdown of the surface has occurred, we observe
two different competitive surface areas. One is the a-Ge which is still in 2-D
conditions and the other one is the surface of the exposed SiO,. Openings and island
formation are highly spatially non-uniform which is typical of spontaneous
phenomena, where nucleation occurs randomly on the sample surface, as shown in
Figure 2 a-c, where we report SEM images of three different locations on the S2
sample. We ascribe this feature to non-ideal thermal contact between the substrate
and the molybdenum block that causes temperature gradients, in particular between
center and edges, typical of small samples, which are more relevant at the onset of

the dewetting process.

Figure 2: In upper line: SEM images were taken in different spots at low annealing
temperature (T =580 °C). The lower line (d)-(f): SEM images taken in different spots of the sample
at high annealing temperature (T = 750 °C).
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Obtaining more homogeneous samples in terms of dewetting stage and island
size distribution would be preferable especially when applications are concerned
(such as Mie resonators for light management). Although this issue goes beyond the
aim of this thesis chapter, we mention that the use of larger substrates, higher
temperature, or longer annealing time would improve these figures of merit. In the
following, we give attention to SEM pictures collected at the sample’s centers,
minimizing edge effects narrowing the search only to the results from the D=15 nm

original thin film thickness series.

In sample S3 in Fig. 1b we can observe that the thin film loses connectivity
by increasing the temperature at T=620 °C accompanied by massive material
diffusion towards the nano-islands. Island’s surface density is about 25+ 3 x 108 cm
2 and their average diameter as shown in Table 1, is 73 & 23 nm. Increasing further
the annealing substrate temperature at T = 680 °C (S4, Figure 1c), the film is now
transformed and the SiO; is now dominant in the sample’s area due to the complete
dewetting process. We can observe that uniformity all over the sample concerning
the nano-islands size. This a clue that the morphology of the surface can be obtained
when dewetting is complete in contrast with the dewetting in lower temperature. The
average nanoisland’s size is reduced from D= 115 + 30 nm at annealing temperature,
T =580 °C (S2) to D =55 £+ 10 nm at the experiment with annealing temperature, T
= 680°C (S4), while the islands’ density increases to 40£2 x 108 cm™. When the
temperature goes beyond this point at T = 750 °C (S5, Fig. 1d) the surface density
of the bigger islands didn’t change significantly. However, we can see that small
islands tend to disappear. In S5 the density of the island is 11£1 x 108 cm™ and their
average base size is 110 + 56 nm. Finally, when the substrate temperature is

increased at T = 780 °C (S6, Figure 1e), the small islands which were present in all
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the other samples are now in complete extinction. The average size of the islands, in

this case, is 120 + 102 nm accompanied by a density of 9 = 1 x 108 cm?,
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Figure 3: Left panel, from (a) to (c): SEM images in higher temperature 680 °C, 750 °C
and 780 °C accordingly. Right panel: (a1), (b1) and (c1) the correspondence size distribution density
and (a2), (b2) and (c2) corresponds to relative size distribution volume.

In the following, we analyze the size density distribution between the nano-
islands in samples S4-S6 (Fig. 3), so we can understand in deeper detail the
characteristics of the samples and their surface morphology. We focused in particular
on samples on which the dewetting process is complete, that are of more practical
interest. The sample S4 presents an asymmetrical monomodal size distribution with
the majority of the islands to be around 50 nm with the presence of a lot of small
islands. We can observe that when the temperature is increased to T = 750 °C
(sample S5), the small islands do not appear anymore in such big numbers. As a
result, the peak average size from the statistics moves towards the bigger islands at

100 nm. If temperature further increases (T = 780 °C - S6), it moves more the peak
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average size of the formed islands with the parallel appearance of a tail of big island
formation. We can estimate the island volume via the equation: Vs = nd®, where d
is the island diameter as estimated from the SEM image and n| a geometrical constant
that depends on the actual island shape. We assume from the observations that the
aspect ratio and shape of the island are the same. The statistics of the volume of the
islands are reported in Fig. 3. In samples S4 and S5, by increasing the temperature
we drive the system towards the behavior of S5 where size distribution is narrower.
Increasing more the annealing temperature we decrease more the broadening in the
size distributions and finally, at T = 780 °C (Fig. 3c) the bigger islands whose
diameter is larger than 400 nm contain the majority of the dewetted original thin
film.

In order to assess in the first stage the crystalline nature of the nano-islands,
we observe the dewetting experiment during the annealing process by RHEED. A
RHEED halo pattern was observed in every experiment at the low-temperature at T=
550 °C. The arrival of Debye rings starts to appear at temperature T ~ 550 °C (Fig.
4),

Figure 4: RHEED diffraction pattern obtained on the sample in annealed temperature T=

580 °C. The Bragg plane of the Ge lattice, corresponding to each Debye ring, is attributed.

80



The presence of Debye rings during the experiment indicates the existence of crystals
on the surface. However, nano-islands appear to have random crystallite orientation
between them. We observe also that the temperature of rings' appearance
corresponds with the formation of the nano-islands in the SEM pictures of the post-
annealed sample. The Debye rings are associated with the Ge crystal (511), (422),
(331), (400), (311), (220), and (111) planes according to the reference [16],

confirming the crystalline nature of the Ge nano-islands.

Another proof of the post-annealed crystallization of amorphous Ge thin films,
came from micro-Raman measurements and the results indicate the crystalline nature
of Ge islands locally, testing randomly picked areas. Indeed, Raman spectroscopy
can give more detailed insight into the morphology and the structure of the islands.
Fig. 5 is presented as the results of a Raman mapping of sample S6, where the
dewetting is complete. The typical spectrum collected from the annealed sample is

shown in panel (a), in comparison with a reference bulk Ge.
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Figure 5: Micro-Raman spectroscopy measurements of sample S6. a) Crystalline Ge islands
spectra and a reference bulk germanium sample, b) Peak intensity, ¢) Peak position, d) FWHM.
The measurements were done in a 3 um x 3 um area and the spectra were done by a step of 200
nm. The micro-RAMAN characterization was done in a post-annealed sample at high temperature
T=780°C to avoid any possibility of surviving a-Ge thin film between the c-Ge islands. The thick
mark in (b), (¢), and (d) is 1 um wide.

Panel a), Fig. 5, shows typical micro-Raman measurements, where the Ge
peak at 300 cm-1 the FWHM values indicates good crystal quality for the post-
annealed islands formation and a good indication that no amorphous Ge thin film
remained. The two spectra are nearly superimposed and we find no signal from the
amorphous germanium, which typically is between 280 and 290 cm™ [17]. The small
shift towards lower frequency for the sample obtained by dewetting with respect to

the bulk crystalline Ge we took as a reference sample, is a result of the small residual
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strain of the order of 0.1% [18] which can occur due to a residual strain from the
mismatch of the thermal expansion coefficient between Ge and SiO,. The panels (b)
to (d) present the result of the curve fitting of a Raman mapping collected from a
3x3 um?region of sample S6. More specifically, Panel b), indicates the homogenous
RAMAN scattering intensity of the measured islands. However, the small
differences are coming from the fact that the intensity of each measurement is
correlated with the volume within the spot. That means that whenever the laser spot
Is on the top of a bigger island that occupies most of the laser targeting spot, then the
Raman intensity is higher. Smaller islands respectively, occupy less area and as
result, they can appear as lower Raman intensity. This is visible in the same panel
where the white area in the top right map is whiter than the area below which is more
colorful. In Panel c, we can observe the width of the measurements that give us the
crystalline quality of the formed islands. Furthermore, we can also conclude that the
uniformity of the width means that in every single measured spot the crystallinity
did not change significantly. Finally, in Panel d, we observe the diversion in the peak
position of the measured islands. The modulation of about 0.5 cm™, which is close
to instrumental resolution can be explained due to the shift in peak position is the
heat dissipation of the smaller islands compared with one of the big islands. Since
the big islands dissipate heat slower than the smaller ones, the peak position should

move towards lower frequencies [19, 20].
3.2 Discussion

We intend to arrive at Ge-islands after annealing with a recipe with the
particular final size of islands, using various substrate temperatures and different
original thin film thicknesses. We can achieve a particular size, for the 3-dimensional

islands, by pre-determine the architecture of the final product we need. We have seen
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surface diffusion models, driven by surface energy minimization, predicted that thin
films can be transformed into rims and fingers on top of the substrate [21, 22]. The
case which is studied in this chapter thesis, however, is driven by the formation of
microcrystals which are working as nucleation point seed to form an island. By
minimizing the energy into the crystalline seeds, can cause the refinement of the
atoms inside this crystallite and therefore into a well-defined structure for the atoms.
In the end, we have crystalline islands and a fully broken original thin film [12].
Compared to c-Ge film dewetting [23], the metastable a-Ge samples are involved
under an annealing step. In the literature is possible to find examples of dewetting
dynamics of crystalline SiGe thin films [4,13,24], or crystalline Ge [23], which their
annealing temperature goes beyond 700 °C while for amorphous Ge the temperature
to obtain crystalline islands is in the range of 600 °C.

According to our experiments, the dewetting of the a-Ge thin film begins at
T=580 °C, however, results on a-Ge dewetting show that the island's formation starts
at 275 °C [10] obtaining a full crystalline island configuration surface structure [10].
Indeed, in our case, the use of high annealing temperature can be detected on the
appearance of GeOx on the surface [24], or even the use of thicker original thin film.
As opposed to what was founded in reference [24], the morphology on the surface is
dominated by the amorphous Ge film, along with the trenches formation. The native
oxide is typically a few nm and in particular, Ge oxide is unstable and can be
deformed quickly during the heat treatment [25, 26]. Thus, we choose to perform
only the annealing step as a cleaning step, instead of using chemicals that can damage
the surface outside of the protective environment of the MBE machine. Indeed, for
the application purposes such as photonic devices, it must avoid any introduction of
acids, like HF, to protect the surface from any damage. We observed dewetting

experiments after the ex-situ cleaning step with HF that the surface was damaged
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and dewetting was impossible to proceed properly. Sample S2 at Fig.1a, shows that
dewetting occurs with the coexistence of Ge particles and the precursor amorphous
thin film within the same area, while in spinodal solid state dewetting, the formed
islands are coming from the retreating thin film [27]. One of the problems of this
process is the diverse island’s size, as we can observe from the statistical analysis of
the present chapter. However, from the literature, we can say that this problem is
well-known among the spontaneous dewetting processes, and it can be eliminated
by using assisted methods of dewetting with lithographic operation on the surface
[6-8]. Using these techniques we can obtain very narrow size dispersion with a small
standard deviation. One of the most interesting features of the sample morphology
is the dendritic shape observed in the a-Ge thin fil’s openings. This characteristic is
what makes this class of samples concerning the ones in crystalline films after
dewetting. In the former case, the dewetting dynamics is regulated by the
minimization of the surface energy [28] and it is indeed in conflict with the increase
of the Ge vacuum interface caused by this dendritic shape [27].

Observations were done and from the analysis of the samples, we can conclude
that two parallel phenomena are occurring which can affect the metastable state of
the a-Ge thin film. The first one is the nucleation of the crystalline seeds in the a-Ge
film and the surface energy minimization as mentioned in Ref. [27]. In crystalline
Ge films, the only role at play is just the minimization of the surface energy for the
dewetting dynamics. On the other hand, in the case of a-Ge thin film the
minimization surface energy is coming in a second and minor role in the evolution
of dewetting dynamics. But still, minimization of surface energy is the one
responsible for shaping the c-Ge islands which present a 3D shape that is the

minimum surface energy cost. Therefore, the overall concept is driven by the
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nucleation of the crystals within the a-Ge and thus, the increase in size due to the
mass transport into the nucleation points from the metastable a-Ge thin film.

In contrast with the higher temperatures, with the use of lower annealing
temperatures (around 550 °C), only a low number of nuclei are present, and therefore
there are only a few crystalline seeds for the aggregation of Ge adatoms. Those seeds
eventually will form nano-islands by maximizing their size. In contrast, at a higher
temperature, there is a higher probability to form extra nucleation points for the
formed islands, and thus, the island's density is larger. The dewetting of the film is
controlled by the diffusion of the Ge atoms from a-Ge thin film to the c-Ge islands,
while in the case of c-Ge dewetting the diffusion occurs on top of Ge film [28]. As
observed, the process continues while the Ge bridge is still present between the
island and the a-Ge reservoir. Therefore, if an island is isolated, it cannot grow
further in size, and in contrast, isolated a-Ge patches can remain unaltered if there is
no crystalline seed to attract their mass close to them. In sample S3 we can see the
proof of this model, where we can observe a cluster of small islands and the existence
of a-Ge patches without any island in the neighborhood. The same process can be
observed in sample S4 where there are higher density and lower size of the islands
[27]. In this case, the dewetting is finished and we observe the metamorphosis of the
a-Ge film into the nano-islands.

By increasing the annealing temperature above this certain point of T= 680
°C, we observe a decrease in the size of the islands, with the parallel exodus of the
small islands. We also can see the reduction in the island’s size distribution and a
large Ge mass transfer towards the bigger islands. In Fig.3, we can observe this
phenomenon, where for each sample above the temperature of 750 °C (sample S5)
there is an increase in the average size of the islands. In this case, the small islands

are clearly reduced in number in contrast with the sample S4 where small islands are
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dominating the sample’s area. Finally, in sample S6 at temperature 780 °C, (see Fig.
3c), the number of the islands is low with the total mass of the original thin film to
be concentrated into them. This effect is called Ostwald ripening by which the
material of small islands is redistributed to bigger and more stable islands. This effect
becomes stronger as we increase the annealing temperature driving the size

distribution onto a lower number of islands.
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Chapter  4: Fabrication  and
characterization of Si-based dielectric

Mie resonators

This chapter is based on recently published work from D. Toliopoulos et. al.
[1] and the results are presented in the following. More specifically, the fabrication
of dielectric Mie resonators and their optical characterization is discussed. This work
was part of the secondment period spent at the University of Marseille in France.
The main goal of the experiments was to obtain well-defined nanoparticles by using
the solid state dewetting technique discussed in the previous chapter to test their
optical response. In the following, we will address individual monocrystalline
islands fabricated by optical lithography and solid state dewetting. Afterward,
extensive results from Dark Field spectroscopy and simulations will be presented.

As discussed in the previous chapters, Mie resonators are all-dielectric
antennas with reduced absorption losses and high permittivity which make them an
ideal candidate for light-matter interaction and light manipulation, potentially
enriching the current performances of photonic devices [2]. Scattering with
resonance by individual dielectric nano-islands can be broad [3] (around 50-100 nm
mostly at visible and near-IR) and certainly interacting with the substrate where the
film is deposited [4]. Likewise, individual resonators, the contrast intensity between
min and max is poor. In order to surpass this issue, is to couple the nano-resonators
between them, thus, forming oligomers that can provide sophisticated functions
along with sharp resonances [2,5]. Nonetheless, this concept demands a more

advanced fabrication technique to accurately fix the size, shape, and relative position
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of the dielectric resonators by setting small gaps between them. An alternative
method had been used by reference [6] is to immerge Mie resonances (Si nano-
pillars) with the Fabry-Perot modes to improve resonances to be used as anti-
reflective coatings.

In this chapter, the goal is to study and present more defined structural colors
exploited from the Mie resonators with respect to the photonic modulation of the
underlying thick SiO. by fabricating Si islands assisted with low-resolution optical
lithography and plasma etching. Once the pattern is completed the sample will be
inserted in the ultra-high vacuum of the MBE chamber to perform solid-state
dewetting [7-13]. In this chapter, it is presented that Silicon nano-islands’ far-field
scattering intensity [4] can be coupled with the etalon effect. The efficiency of the
Mie scattering out-couples the light interfering with the etalon depending on the
nano-islands’ size and drives the light at smaller angles compared to the one from
the incident beam. Eventually, we got colors that cover the visible spectrum along

with resonances with the contrast between min and max of the intensity.

4.1 Results

The Si on insulator thin film is a single crystal film which is deposited on a
thick buried oxide layer resting on the top of Silicon (100) wafer (see Fig. 1, left
panel). The thickness of the thin film is 125 nm and it was thinned to reach 20 nm
by rapid thermal oxidation (RTO) in high temperature (950 °C) with Oxygen flow
atmosphere. The thinning process lasted for 3 hours for the surface of the Silicon to
oxidize. Later, the substrate was dipped in a 10% HF solution with 90% Deionized

H.O to remove the recently formed oxide layer.
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Figure 1: Left panel: Scheme of the fabrication process. 1) The crystalline, ultra-thin silicon
on insulator (c-UT-SOI). 2) Optical lithography and plasma etching. 3) High temperature annealing
in ultra-high vacuum. Right panel: A 3D representation of the island. Bottom panel: Atomic force

microscope profile of an individual island. The main crystal facets are highlighted.

For the assisted dewetting experiments, the fabrication of the islands passes
through a double step. First, it is patterned by optical lithography and later dewetting
in high temperature as discussed also in the previous chapter [10, 12-14]. The
patterns made by the optical lithography were obtained by spin-coating a positive
photosensitive resist which was exposed to a near-UV laser at A= 375 nm using
power of 2.7 mW in an area of approximately 2pum. Then the exposed parts with the
photoresist are removed by a developer. The final step is the plasma etching step
which attacks the exposed Silicon area and thus leaving behind untouched the

protected parts. The square size of the patches is between 3 and 4 um in size (Fig.
2).
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Figure 2: Left panel: Optical dark-field image of a typical array of organized dewetted Si
islands. The inset shows the homogeneity of the islands obtained with a periodicity of 3.4 pum.
Right panel: Average island size as a function between the etching pitch as obtained by scanning
electron micrographs (SEM). The error bar represents the standard deviation. The line is a guide

for the eyes. The top inset shows a typical SEM for each etched pitch.

The cleaning step of the samples consists of ethanol and acetone, NO, plasma
archer and in the end a 5% solution HF under Nitrogen atmosphere inside a fume
hood. Later on, the samples were transferred into the ultra-high vacuum of the MBE
chamber. Likewise the previous chapter experiment, also in this case before the
annealing there is a degassing stage where the substrate is exposed to heat treatment
at 650 °C for half an hour and then dewetting occurs at 750 °C for another half an

hour.
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Figure 3: Left panel: Dark Field imaging of a fully spontaneous dewetted sample. Right
panel: Collection of scattered light by an optical microscope.

An optical microscope (ZEISS Axio Observer) with a 100X magnification
objective lens (numerical aperture NA = 0.9) was used to collect the Dark Field (DF)
Images and spectra. The microscope is working in both dark and bright modes. A
CCD (Flame-T-VIS-NIR by Ocean Optics) along with a spectrometer was used to
study the individual islands scattering profiles. Finally, an optical fiber was used
(Ocean Optics multimode fiber, VIS-NIR, core diameter 200 mm) to collect the
scattered light. Furthermore, an SEM set-up was used in FEI Helios 600 Nano-Lab
within the University of Marseille to perform the imaging of the individual islands
(Fig. 3 right panel). Micrographs were acquired using a through-the-lens detector
secondary electron detector (5 kV acceleration voltage), probe current of 0.17 nA,
and a working distance of 4.2 mm. A dark field image is shown in Fig. 3, the Left

panel from a sample with the spontaneous dewetting pattern.

To clarify the influence of the 2 um thick BOX layer on the island scattering

spectra, numerical calculations were performed with a commercial three-
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dimensional 3D finite-difference time domain (FDTD) code (CrystalWave, Photon
Design). We consider a hemispherical Si island with a 200 nm base diameter and a
refractive index n = 4, neglecting absorption. The Si island is excited with a
broadband point-like dipole (emitting at A = 600 nm, with a full width at half
maximum FWHM = 300 nm) positioned in the middle of the island, with polarization
parallel to the BOX surface. The flux of the Poynting vector across a box sensor, a
cube of side 300 nm, positioned around the exciting dipole gives us the LDOS of the

island at the dipole position [15].

After the solid state dewetting process, we were able to develop
monocrystalline and smooth nano-islands, with the typical facets exposed as
discussed before (see Fig. 1) [8-11,13,15]. In Fig. 2, we can see large arrays of
islands with well-defined sizes (around 280-800 nm) along with regular organization
[9,12,16,17]. Capturing the scattering profiles of the islands with the DF
spectroscopy we can see good homogeneity in colors and therefore, also in size. The
height of the island can differ from 90 to 150 nm, and this is because of the different
size of the original patch size. However, small size nano-islands can be obtained by

reducing the patch size with the lithographic method.

For the optical spectroscopy of the islands at the visible frequency, we had
performed numerous characterization and some of the spectra are presented in Fig.
4 along with their HR-SEM characterization. We can observe High Resolution SEM
images of different Mie-resonators in increased diameter size. The particles have in
general a round shape. Moreover, in some other cases, we can see a small nose for
the islands of 110 and 120 nm respectively, as a result of the dewetting method. The
size of the particle was measured by calculating the average size in the different axis
of the spheres. The scale bar in Fig. 4, at the bottom, corresponds to 200 nm. Each

one of the images was taken selectively from a lithographic made pattern using laser
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writing. (Fig. 2) [9, 10, 12, 15]. Slight shape asymmetries observed in some islands
are ascribed to a non-complete dewetting that did not lead to the final equilibrium
shape of silicon crystals. In principle, these defects could be improved with a longer

annealing time or a higher temperature.
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Figure 4: A selective SEM picture with clear DF spectra after refinement. We clearly see

the photonic modes on the spectra.

Dark-field images reveal a net colorization from blue to red, when increasing
particle size (Fig. 4), middle column). We can observe the redshift of the color as we
increase the particle size from 110 nm to 200 nm with blue the smallest and red the
largest one. In this case, the scale bar is 600 nm. The corresponding scattering spectra

(Fig. 4, after normalization by the white lamp used for illumination) confirm this
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tendency, showing several sharp bands that increase in number at long wavelengths
for larger islands [10, 12]. These resonances share a similar spectral position and
spacing between them, although some differences (up to 25-30 nm) are observed [4].
These differences can be accounted for by imperfections in the etching (locally
thicker or thinner BOX), incomplete dewetting leaving some pristine c-UT-SOI
nearby the islands, residual Si particles on the BOX nearby the islands, intermixing
of Si and SiO; [17-19], and asymmetries in the dewetted islands [10].

The proof of the interference between the resonances and the substrate we
perform simulations of a specular reflection from a 2 um thick SiO,, like the one
used in our experiments, on top of Si substrate. The comparison deals with the
observations on the far-field spectra which comes from the constructive and
destructive interference of the incident light with the air-SiO, and SiO,-Si interfaces
with the strong spectral variations of the driving field in the resonators. Those
simulations were superimposed with the dark field collected spectra from the
individual islands (see Fig. 5b). Thus, the reflection with incident light at O degrees
presents 5 broad peaks in the studied spectral range, having a contrast of about 3
(Fig. 5). While for 70 degree incidence, which is closer to the one from the light
extracted in the dark field microscope, seems to present similarities, but only with 4
peaks. However, it seems to present a plateau on the top with a lower contrast of
roughly 2 (Fig. 5a bottom panel). The last information is explained by observing the
s and p polarized components of the reflection: the minima and maxima they present,
in opposition of phase thus, providing a more complex behavior compared with the
normal incidence, where the two components are identical. It worth noting that at
incident angle, the s polarization is dominant with an intensity that is almost double
of p polarization.
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The scattering profile of the individual island presents four peaks with a large
intensity contrast (between 3 and 6, depending on the peak taken into account) (see
Fig. 5b). When comparing the case of s polarization at an incidence of 70 degrees,
the spectral position and spacing between the scattering peaks show marked
similarities with the reflection spectrum of the flat SiO, layer (highlighted by the
vertical gray lines in (Fig. 5). Also, the s polarized reflection and the broadening of
the resonances observed in the scattering spectrum are similar. They present a trend
that continues to grow from 25 nm for the shorter wavelength, up to 35 nm for the
longer wavelengths. The broadening is rather 3 to 4 times smaller than what is
reported for similar islands developed via dewetting on top of 145 nm thick BOX

[10], where the etalon effect is not present.
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Figure 5: a) Simulated intensity of the specular reflection for s and p polarization from a 2
um thick SiO- layer (BOX) atop Si bulk. Top panel: normal incidence. Bottom panel: 70 degrees
incidence. The inset highlights the geometry considered in the model. b) Dark-field scattering
spectrum of a dewetted island. The inset highlights excitation and collection conditions

(respectively ~70 degrees incidence and within a 64 degrees aperture cone).
4.2 Discussion

During the past years, solid state dewetting for the fabrication of nano-islands
had been studied and discussed a lot [10-12]. By utilizing Si and Si(Ge) thin films
are possible to obtain Mie resonators in an organized or disorganized manner.

Although, fixing organized structures of ordered nano-islands in nanoscale, requires
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techniques such as reactive etching [5,21] and e-beam lithography or even focused
ion beam [9,12,14,16]. Despite the fact that these methods can be efficient in the
nanoscale to develop complex architectures, it can be also costly and not easy to use
over full wafers. This is why in our case for the fabrication of nano-islands we use
templated methods of photolithography. It is an inexpensive process which in fact
can be functionalized in larger areas. However, our nominal resolution of the optical
lithography was quite poor, around 2 um. But, large ordered arrays can be obtained
with a minimum distance between the nanoparticles to be 2 um. Nevertheless,
dewetting is the answer to this issue, because the patterned arrays can collapse to a
single spot island with a base size of a few nanometers. By controlling the original
patch size and the thickness of the thin film we can arrive at a well-ordered template
with narrow size distribution and in fact better than reports which can be found in
the literature [9,12,14,16]. Those references use a focus ion beam to obtain such
ordered arrays. But still similar results can be found on reports with e-beam
lithography [11,13]. It is worth mentioning at this moment that atomically smoothed
objects with well-faceted interfaces are formed by self-assembly methods [8-
10,13,15,21]. This is an important point when considering an application with
electronic properties, is less likely to induce a pronounced roughness compared to

other top-down methods.

Furthermore, dark field scattering profiles were measured for each one of the
corresponding islands as shown in Fig. 4. We can see 4 peaks in the spectra with a
broad peak in 600 nm for the 200 nm and 175 nm islands, while in the middle-ranged
size islands (145 nm and 120 nm), the broad peak is moved to a lower wavelength
around 525 nm signaling the scattered ‘greenish’ colored islands. The peak in the
600 nm is now weakened compared to the bigger islands. Finally, the smaller islands

below 120 nm have the characteristic blue color, accompanied by a stronger peak at
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460 nm. The previously observed peaks of 600 nm and 525 nm are now almost
disappeared. The observation made on the sharp resonance peaks indicate colors that
are similar to the ones obtained in ref [12] for SiGe and Si [22] Mie resonators. The
colors are possible because of the interference of the sharp resonances that bounce
from the etalon effect produced by the buried oxide on the top of the Si wafer. By
mixing the top-down and bottom-up approaches, our resonances cannot be scattered

and blend in size as for distinct bottom-up methods [23,24].

It is worth noting that similarities are spotted, between the spectrum of the s
polarization reflection and dark field resonance scattering spectrum of the islands at
the 70 degrees of incidence (Fig. 5(b)). Having that in mind we can conclude that
some of the light at the air-SiO, and SiO,-Si interfaces, is backscattered by the Mie
resonator. However, for this experimental geometry, we cannot detect the incident
beam’s direct reflection of 70 degrees. Indeed, the area around the nano-islands is
dark since the numerical aperture of the detection is 64 degrees. The reflected light
Is relocated at different angles by the resonant scattering, with respect to the incident

ones, while features from the etalon mode interference are preserved.

In addition to the experiments, we perform FDTD simulations to confirm the
picture we build, that the island’s scattering spectrum is affected by interference
effects. That way we can be sure that this phenomenon is not coming from the
modification of the LDOS of the Si islands. We simulate the hemispherical Si islands
on top of 2 um thick silica which refractive index is around n=1.5. The whole system
rests on 1 um thick Si with n=4 with the same islands but only on top of Si oxide
(see Fig. 6). In parallel to the buried oxide surface, we set a planar sensor in 1 pm
distance, to simulate the collected far-field spectrum under several angles (Fig. 6(c)).

We consider different conditions of the simulation compared to the experiments and
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the goal of those is just to provide more information about the underlying system

phenomenology.
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Figure 6: a) A sketch of the FDTD simulation. The structure consists of a silicon island and a 2 pm
SiO2 thin film on top of a 1 pm Si substrate. In the middle of the island is the broadband point-like
dipole (emitting with a central wavelength of 600 nm, with a full width at half maximum FWHM
= 300 nm) located by a yellow star sign, that acts as an excitation source. The far field sensor is
represented by the red line, which is set in a way that point A corresponds at the acquisition angle
0 of 0 degrees and point B acquisition angle of 60 degrees. b) Representation of Local Density of
States (LDOS) of the island on 2 um SiOz layer only (red dashed line) and on 2 um SiO2 plus 1 um
Si (blue line). ¢) Colored lines: far field simulated spectra acquired at different values of theta for
the island atop 2 um SiOz plus 1 um Si substrate (from 6 = 0 to 60 degrees). The continuous line
represents the far field intensity from the island with the SiO, substrate only at O degrees, while

the dashed line at 60 degrees.

In Fig. 6 (b) we can see the calculation at the position of the exciting dipole as
shown in ref [15] in which 2 resonances in 500 nm and 600 nm are dominant. These
two resonances can be identified by the electric and the magnetic modes respectively
[4,10,12,21]. The Si-island’s LDOS, didn’t practically change by the presence of the
Si substrate, which is concluded from the fact that the two curves are almost
identical. On the other hand, the presence of the Si substrate influences the far field.

In Fig. 6 (c) we see the collection of far-field spectra at far-field sensor’s different
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points. The solid and dashed lines correspond in smooth spectra simulated without
the presence of the Si substrate, where we can observe the electric and magnetic
dipole (ED and MD modes respectively), characterized by different relative weights.
The scattering at 60 degrees is about 6 times weaker than the normal incident one at
0 degrees. The smooth spectra obtained without the Si substrate are superimposed
with the far-field spectra which were obtained by the Si substrate which shows a
clear intensity modulation. All in all, by the simulations we can answer the question
of whether the modulation in the far-field scattering intensity is related to a
modification of the LDOS of the nano-islands and the conclusion is that are not
related. However, several speculations suggest that are related to the scattering by
Mie resonators of the incident light beam propagating and later interfering with the

silica film between the islands and the Silicon substrate.
4.3 Conclusions

We showed that solid state dewetting assisted from photolithographic
methods can produce arrays in well-defined positions of Si-based nano-islands. By
controlling the initial characteristics of the dewetting method we can arrive at the
controlled size and islands featuring Mie scattering are in visible frequency.
Furthermore, we couple the scattering resonances with etalon mode which allows us
to set the position of minima and maxima and thus, enhance the contrast between
them compared to the individual nano-islands. Finally, good structural colors can be
obtained avoiding the expensive and difficulty in use for large areas fabrication tools.
The results are important because such a class of resonators can be used for

application [25-27] in quantum emitters as we will see in the next chapter.

The simulation indicates a spectral dependent emission steering of the Mie

antenna when coupled with the dielectric etalon. This effect can be exploited for
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guantum applications, such as the selective and different directionality in an exciton-

biexciton cascade of a quantum emitter [30] embedded in Mie resonators.
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Chapter 5: AlGaAs deposition on top
of Ge islands and  optical

characterization

In the two previous chapters, we studied the solid state dewetting process,
from which we can develop nanoparticles that act as Mie resonators. In this chapter,
the results of the integration of dewetted islands with 111-V semiconductors are
presented and discussed. We observe sharp and strong emission lines which most
likely are attributed to impurities and defects inside the AlGaAs [1-3]. So far, this is
one possible interpretation on this kind of system. More experiments would clarify
the nature of the extracted light, which goes beyond the current thesis, but could lead
to an unexplored emission possibilities. Such emissions were tested by micro-
Photoluminescence set-up in the University of Florence and LENS lab as an
extensive secondment, providing a detailed study of emission properties on
individual islands covered with AlGaAs. However, experiments on several samples
revealed peculiar bright light sources from AlGaAs directly deposited on the top of
the SiO; substrate. Those emission centers are still under investigation to realize their
optical nature. Time-resolved and autocorrelation measurements showed g @ ~ 0.5
revealing the quantum nature of the phenomena. Furthermore, an extensive study of
the AlGaAs deposited on Ge islands didn’t show any optical response.

However, before we characterize the samples by their optical response, we
deposit by molecular beam epitaxy (MBE), I/ semiconductor materials on

dewetted structures to study the coupling properties between the Mie resonances and
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the light sources. The Ge thin film is deposited on the top of thick SiO,/Si substrates
and small crystalline Ge particles (50 - 500 nm) have been obtained by spontaneous
and assisted solid state dewetting [4]. A 50 nm to 100 nm of Alg25Gag7sAs film
between two 15 nm layers of Aly4GagsAs has been deposited in the MBE on the top
of Ge islands resulting in Ge/AlGaAs core/shell Mie resonators [5, 6, 7]. The core-
shell structure is shown in Fig.1. With green color is the core Ge islands on the top
of which the sandwich structure of AlGaAs is deposited. In particular, yellow and
light blue are 15 nm Aly4GaosAs which include the Alg2sGag 7sAs active layer. The
red shell represents the 5 nm GaAs capping layer. The small blue dots inside the
AlGaAs structure, are Ge atoms or molecules coming from the Ge islands through
diffusion during the annealing step. In Fig. 1, right panel, there is a representation of

the band structure of the deposited material.

GaAs 5nm
AlGaAs 40% 15nm
AlGaAs 25% 100nm
AlGaAs 40% 15nm

Ge island 50nm

Ge

Aly,5Gag 75As

Aly ,Gag cAs

Figure 1: Left panel: Cartoon representation of epitaxial regrow on Ge islands. A sandwich
was chosen to enclose the direct bandgap layer between two barriers. Right panel: Schematic
representation of the band structure of the system. An active layer between two barriers.

The two Alg4GageAs barriers are working as a cavity to confine carriers
generated by the laser that is expected to recombine in the Ge impurity centers [1].

The incorporation of Ge atoms inside the AlGaAs matrix, as observed in Ref. 1-3,
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can possibly produce intrinsic centers, capable of excitonic and multi-excitonic
emission at liquid nitrogen temperatures, as well as single photon emission [1-3].
Also, by creating a high bandgap AlGaAs layer between the Ge island and the low
bandgap AlGaAs layer we can reduce the absorption from Ge. By introducing high
bandgap AlGaAs between the active layer and the GaAs capping layer, we try avoid
non-radiative recombination in the structure’s surface. Furthermore, we used 5 nm
of GaAs capping layer on the top of all, working as a protective layer which means
that the surface of AlGaAs is highly active when exposed to the atmosphere. The
surface states can drain carriers from the structure below and reduce the
recombination of carriers in the impurity center.

Four samples were annealed at standard annealing time of 2 hours and later
deposited with AlGaAs, inside the same MBE chamber and in one experimental step
(samples A3 - A6), and two samples with the pattern were just dewetted as references
(samples Al and A2) without any deposition. In Table 1 the samples that were
fabricated are placed with all the necessary information. The experiment was
monitored by RHEED and the morphology of the samples was characterized by

Scanning electron microscopy.

Sample Pattern Annealing Temp. Alg25Gag 75AS
(°O) Thickness (nm)
Al e-beam 600 -
A2 e-beam 650 -
A3 spont. dew. 600 50
A4 spont. dew. 600 100
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A5 e-beam (positive) 650 100

A6 e-beam (negative) 680 100

Table 1: Sample description for the performed experiments.

For this set of experiments, we test the I1I-V semiconductor growth on
lithographic and spontaneous dewetting conditions. We use nanopatterning with e-
Beam Lithography [8] to fix arranged nanoparticle arrays with a certain size and
island’s density. Patterning is important to make sure the density is low and thus,
there is no interaction between neighboring nano-islands, favoring the single photon
emission observation. Furthermore, creating a pattern is easier to identify individual
islands in nanoscale so we can study morphology and the optical characteristics of a
marked island.

Within this chapter, photoluminescence results from two selected samples,
samples A5 and A6 are shown (see Table 1). In both samples, there is patterning
made by e-beam Lithography, one with positive and one with negative resist. Yhe
growth and dewetting conditions were the same as shown in Table 1. We have been
working on the low temperature optical characterization for these samples of

AlGaAs deposition on dewetted islands.

5.1 Morphological Results

As it was already discussed in the previous chapter, the first step is to control
the dewetting conditions and later arrive at a desirable configuration for each
nanoparticle size. Before AlGaAs deposition, precise island’s size in certain

predefined positions should be ensured. We use either spontaneous dewetting
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(sample Al and A2) or dewetting assisted methods, such as e-beam lithography to
achieve desirable results on nanoparticles’ size (A3 and A4). The next step is to
deposit 111-V material on the top of arranged crystalline nanoparticles (samples A5
and A6). In Fig. 2, we can see a summary sketch of the experimental progress before
the 111-V deposition. A 30 nm thick thin film is deposited on top of 2 um SiO,/Si
(001) substrate. The sample either with spontaneous or assisted dewetting develop

Ge islands which later are used for epitaxial AlGaAs deposition.

11I-V deposition m
—
&
\,;e’@(\ /
0?/

2 um Sio, 2 um SiQ,

30 nm a-Ge

7 nm Si Si bulk Si bulk
2 um Si0,

Si bulk | Dewetting

“ 30 nm a-Ge

e
e | .|
N"oé, 7 nmSi

2 pm SiO,

Si bulk

Figure 2: This cartoon summarizes the experimental progress of the samples that need to
be processed before the deposition of semiconductor material. In the first image on the left, a thin
a-Ge layer or a thin Si layer is deposited on top of 2 um of SiO2/Si substrate. In the following, the
sample is processed in two possible ways. Either with spontaneous dewetting which occurs inside
the ultra-high vacuum of an MBE system, or it passes through a lithographic step where the thin
film is separated into patches of a certain size. After that, solid state dewetting occurs once again,
but this time the islands are well organized. Finally, AlGaAs deposition occurs inside the same
MBE system.

In order to keep well-defined nanoparticle size and island’s density within the

sample A1, we use e-beam lithography to develop a pattern with square patches from
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500 nm? the smallest to 2500 nm? the biggest. The e-beam creates a chessboard of
parallel vertical and perpendicular lines, leaving behind an array of patches with a
certain distance between them [9]. This distance can differ from 200 nanometers to
2 micrometers. Each square patch, in a post-annealed sample, will lead to one island
per patch in predefined distance between each island. As shown in Fig. 3 in the right
panel, the patch is a square with predetermined dimensions where the island will
appear after solid state dewetting [11]. This leads to a post annealed sample with
predetermined island size and shapes all over the pattern area. By securing the pre-
fixed island’s position in this step, we keep islands away from each other to avoid
any perturbation in the light extraction. Fig. 3 shows such a pattern in a post anneal
sample. In Fig. 3, left panel, we show islands are well discrete between them,

fabricated in the desired size for epitaxial growth.

[

AccV Spot Magn Det WD Exp oo e 2 pm AccV Spot Magn WD
300kV 1.0 9216x SE 43 0 300kV 40 70079x 68 CO091018 260nm

Figure 3: SEM picture of a set of 5 islands from a post annealed sample A1, patterned with
e-beam lithography. The ordering between them is observed with a certain size and shape.

However, in sample A2, we try another array of patches which are bigger
compared to the one in sample Al and also round patterns (see Fig. 5). The patches
sizes range from 1 um? to 2.5 pm?. We observed that patch size is getting too big,
approximately 2.5 um?, and thus the dewetting on the patches’ film leads to more
than one island. In some cases, we can observe multiple of them such as Fig. 4 where

the sample was patterned by e-beam Lithography creating different patch sizes. After
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dewetting, we arrive in a patch with many islands and therefore the concept of single

photon emitter is jeopardized.

-~ AccY SpotMagn Det WB Exp l."‘—{—l B,um
* 12 30.0 kV 4"0 4646x S'\Ef_gﬂ:]- 0 ph“oto spont

il )

o R
A

Figure 4: SEM picture in low magnification indicating the big patch patterns of sample A2
made by e-beam Lithography. Inside the patches, there are multiple islands after solid state

dewetting. We can conclude that only smaller patches can develop a single island.

By assisted dewetting methods, we can extract valuable information for the
nature of dewetting, and as discussed in the previous chapter, we can control the size
and the conditions of the formed islands [11]. By testing several patterning
configurations we manage to find the best conditions to create individual island
positions away from its neighbor islands. For that reason, within the same sample
we try to insert extra circular patterns with a small pillar in the middle. The diameter
of the circular pattern is around 2 um. On the top of the pillar, there is a portion of
original thin film which after dewetting will become an island. The pillar in the

middle has a diameter of around 100 nm. The middle pillar pattern has a certain
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radius away from the rest of the film of 1 um. In Fig. 5, we observe individual islands
in well-defined positions on top of a cylinder surrounded by SiO,. Each of these
islands before the sample annealing belonged to a portion of the thin film with
boundaries well defined, considered as a step in the thin film’s original continuous
formation. Those boundaries can be seen below the islands, where we can even
observe traces of the original film. We also observe a parasitic smaller island very
close to the bigger one, mostly appearing from the incomplete dewetting process [4].
The boundaries are more visible in Fig. 5, it is easy to detect where spontaneous
dewetting stops and where the pattern starts. An individual island is confined into a
circular patch with a rough environment of silicon oxide. Since the circular pattern
Is patterned with the same diameter and same height, the formed island is expected

to be formed with the same dimensions.

Figure 5: SEM picture of a circular pattern on sample A2 after the annealing step.

Investigating the samples Al and A2 we determined the suitable conditions
for the desirable island’s size and thus, we proceeded with the deposition step. At
first, we test the island formation with spontaneous dewetting and direct epitaxial re-
grow of 111-V materials. Our goal is to investigate whether or not we can develop Ge

islands with a shell of AlGaAs on demand. We ensure that Ga and As atoms are
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attaching the Ge islands and they do not spread among them on the top of SiO..
Pictures from sample S3 confirm that a low amount of deposited AlGaAs D=50 nm
permits the adatoms to attach to the Ge islands. In Fig. 6, we observe core-shell Ge
nanoislands covered with AlGaAs. The deposition seems inhomogeneous on top of
the islands. Inserted High-Resolution SEM image in Fig. 6 reveals the facets formed
from the deposited material. However, keeping the amount of AlGaAs only 50 nm

we observe some parasitic growth between the nano-islands.

ot

Figure 6: SEM picture of deposited AlGaAs on top of Ge islands of sample A3. We can see
that we do not observe AlGaAs in the surroundings because of the low amount of deposited
material. In the picture included, we see a closer look with an HR-SEM, the post deposited Ge
island, with flakes of deposited AlGaAs on the top.

Increasing the amount of AlGaAs in sample A4 at 100 nm, we observe
differences compared to sample A3. In figure 7, we see an SEM picture from the post
annealed sample A4 with epitaxial growth of 100 nm AlGaAs on top of the Ge nano-

islands. We can see that AlGaAs is not only grown on top of Ge islands but also on
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the top of very small ones and also between the islands. Fig. 7 inserted picture, is a
typical example of AlGaAs deposition on top of Ge islands where AlGaAs look
deposited everywhere in the surroundings. However, the faceting shape after

deposition is well defined [12].

B Dct WD Bp ———1 200nm
0000x SE 40 0 mhm12751
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Figure 7: SEM picture of spontaneous dewetted sample A4 with AlGaAs on top. Inside the
picture, we can see a high magnification of an island with well-defined shape and faceting.

So far, in the samples A1-A4 were studied the patterning and the deposition
condition to proceed to the deposition step. In samples A5-A6 we test the deposition
of AlGaAs following the observations obtained in previous samples. Micro-
photoluminescence experiments were performed on samples A5 and A6 where
AlGaAs is present. Both samples were patterned in order to obtain island isolation
and therefore to make sure there is no match of their optical response and secondly
because patterns are easy to spot and re-find this position easily. It is important to
create a mark in order to test the emission properties of the marked areas and return
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to each individual emitter whenever needed [13]. By patterning the sample surface,
it is easy to create a cheeseboard of numbers and letters which helps us to identify
the direction and the position of the examined individual island. In Fig. 8, we can
see 3 SEM pictures from sample AS, from lower to higher magnification of a
patterned sample. The small red lens on the picture represents the pattern and the
spot where we focus our collimation lens to perform the photoluminescence
experiments. As we can see, the sample has 16 patterns with square or circular
patches for the development of the islands. Each pattern has 7 x 7 circular patches of
different sizes. In the end, there is an island standing on the top of a column. The
island size ranges from 100 nm to 300 nm depending on the size of the pattern.
Moreover, the radius of the circular pattern is 1 um and in the case of square pattern,

the distance between the islands ranges between 0.5 pm to 5 pm.

Figure 8: SEM pictures from lower to higher magnification on a patterned sample with
circular and square patches. From left to right the cartoon lenses show the focus area of the next
image. Finally, we see the island on top of a column which is also the focus area of the laser after

collimation from the objective lens.

5.2 Micro-Photoluminescence Results

PL measurements performed at low temperature (T=10 K) with the samples
placed in a cold-finger helium flow cryostat. A frequency-doubled Nd-yttrium
aluminum garnet laser with Aec= 532 nm was used for continuous-wave

measurements [14]. Typical micro-PL spectra of sample A5, at 50 mW excitation

119



power, is reported in Fig. 9. Spectra from each one circular pattern from two columns
were obtained. The main contribution broadband is located at 1.5 eV peak position,
which is speculated to be attributed to the emission from the GaAs capping layer on
the top of the structure as shown in Fig. 1. A less intense contribution peaks are
spotted in higher energy around 1.8 eV which can be attributed to emission from the
AlGaAs or other impurities in the AlIGaAs matrix [15].
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Figure 9: Several micro-PL spectra of individual islands from the SEM picture in the
middle. The size is increasing from left to right and from top to bottom.
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Figure 10: micro — PL map of the patterned sample corresponding to the area covered with
the red square. The strongest light emission is coming from the middle bottom position of the
dictated map, which means that only one out of the 9 patches is enough intense. The scanned area

is 10 x10 pum?2, the step was set at 0.5 um, and the integration time at 1sec.

In order to investigate more precisely the optical response of sample A5, a
series of maps were done to find strong emitting centers. However, none of the
individual islands present strong narrow emitting lines, since the more intense peak
Is very broad and is coming only from one spot inside the pattern as shown in Fig.
10 map. The rest of the area is completely out of any photoluminescence signal.

In the following, we perform a similar study for the sample A6. The pattern is
fixed to develop a post anneal island array of several islands with a size of 200 nm
as shown in Fig. 11. However, the sample A6 presents a reverse preparation process
for lithography [16]. The red line represents the profile scan of the sample. In the
middle, identical size islands rest on top of SiO, substrate. In the 4 corners of the
picture, there are indicators controlling the position of the central pattern. Around
the pattern, there is an area without any Ge original film and therefore, no Ge islands

should appear after dewetting.
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Figure 11: SEM picture of a patterned patch. The red line represents the profile of the

cartoon below the SEM image.

In Fig. 12, we compare the spectra of several random spots inside the pattern
named (Pattern_spot) and one random spot outside of the pattern (NoGe Spot), in
the ‘no Ge’ area of the sample as shown in the SEM picture inside the Fig. 12. The
measurements were performed in the same excitation power conditions at P;;=400
uW and the same focus of the objective lens. The emission intensity appears to be
much higher compared to the ones observed in the patterned area. The unexpected
results show that the emission from the area outside the pattern is much more intense
than the one observed inside the patterned area, where the individual Ge islands are.
In fact, an intense broad peak appears at 1.9 eV and less intense ones at 1.75 eV and
1.8¢eV.
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Figure 12: micro-PL spectra of the patterned area at a direct comparison with the spectra

taken outside of the patterned area.

After observing strong emitting properties of the ‘no Ge’ area, it is necessary
to find more emitting points and study them deeper. In Figure 13, a strong emitting
point is presented adjusting the excitation power on a lower scale. We can see that
even with much less excitation power, which is at Pij;=3.6 uW, the emission intensity
Is very strong with a narrow emission peak, located at 1.85 eV energy. Several
emission spots were found during scan with the micro - PL set up to confirm the

abundance of the investigated strong emission.
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Figure 13: micro-PL spectra from an emission point on top of an island in the ‘no Ge” area.

To investigate the nature of this emission point we performed power
dependence measurements to understand if it is possible to attribute this emission to
excitation recombination. To perform these experiments we needed to select a strong
emitting spot with a narrow line and measure at each excitation power the emission
line. In Fig. 14, the experimental result of power dependence is presented. The
emission line located at 1.78 eV is measured in very low excitation power ranging
from 5 pW until 50 pW. At this point, we have shown that it is possible to find and
study strong and sharp emission lines but still those lines need to be examined
further. The attribution of the emission lines can be light source from impurities to
defects coming from the preparation process or some other factors which goes out
of control of the experimental set up. It is true that several defects from atoms to

molecules, can be found in the matrix and reveal different light properties.
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Figure 14: Power dependence measurements on excite and bi-exciton emission lines.

In the following, in Fig. 15 the maximum peak analysis of each graph is

presented to confirm the exciton and bi-exciton nature of the emission lines observed

in the previous power dependence measurement experiments [3].
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Figure 15: Power intensity vs power plot of the power dependence measurements of the

previous emission spectra.

The observed peak lines present narrow emission lines of the emitters within
the sample. In figure 16, the studied emission line is excited with Pi;=6 pW, and the
FWHM we observed was around 700 uW.
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Figure 16: Narrow emission lines from a strong emitted spot in the no Ge area. The FWHM

is shown in the inserted picture.

Finally, we checked if the observed center is capable of single photon emission
by time-resolved and autocorrelation measurements. For this purpose, we need to
switch the excitation laser from a continuous to a pulsed one [14]. In Fig. 17, the left
panel is presented with a narrow single line excited with a blue laser at 400 nm. The
excitation power is Pir= 25 uW and the objective is focused to optimize the maxim
intensity of the investigated emission line. The time resolved measurements reveal a
decay time of around 1,5 ns which is in accordance with the decay time of the exciton

recombination.
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Figure 17: In the left panel the emission spectra of individual islands with blue laser

excitation. The respective time resolved measurements is shown on the right panel.

Autocorrelation measurements were performed for the same emission peak in
the previous figure with the same power used for the time resolved measurements.
The experiment lasted for 3 hours since the oscillations from the He flow was large
and the slit opening was too small to stay centered in the emission line. The center
of the emission was often corrected to make sure that we measure the right emission
point. Despite these limitations and the background contribution of the surroundings,
to the measurements, there is a strong indication of an existing single photon source.
The g?(0) measurement is close to 0.5, which is the limit to provide some evidence
of a single photon source. However, the result was affected by the noise introduced
by the background contribution, so that a lower value is expected. In the following

figure (fig. 18), the g?(0) experimental results are presented.
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Figure 18: Autocorrelation measurements of the spectra captures in figure 17. The result of
g?(0)= 0.5 is an indication of single photon source behavior of this emitted island.

Discussion

AlGaAs deposition morphology and low temperature optical characterization
of AlGaAs deposition on dewetted islands were investigated in this chapter. SEM
image collected after the deposition of I11/V materials shows that the deposited
AlGaAs seems to spread over the entire surface of the sample (sample A3-A6), in
regions where Ge islands have been formed, but also in regions where the amorphous
Ge layer has been previously removed leaving exposed the underlying SiO, layer
(sample A5 and A6). The latter samples were patterned with an e-beam lithographic
process to introduce individual islands. The only difference between the sample S5
and sample S6 is the preparation for the lithographic step. In sample A5 a positive
resist was deposited and later the Ge film was etched, while instead in sample A6,
the negative resist was deposited to protect the pattern and the rest of the Ge thin
film was removed. For more information on this process see reference number [16].

The result seems to come from an unexpected source that could be related to the
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unconventional deposition of AlGaAs. The photoluminescence characterization
shows that the optical response is coming from an area where the Ge thin film had
removed previously during the preparation of the sample for the lithographic
process. In fact, during the deposition of 111/ materials, the Al has been deposited
before the opening of the As shutter. A possible interpretation is that Aluminum
forms Al,O;5 islands reacting with the exposed SiO, (“No Ge” area), acting as
crystalline seeds for the AlGaAs regrow [17]. Micro-photoluminescence (PL) at T =
10 K in the dewetted Ge island regions, showed no signal or very weak signal related
to AlGaAs, probably due to a high defect concentration. Surprisingly, we observed
sharp emission lines in the “No Ge” area. The sharp peaks are characterized by a
typical FWHM of 0.5 meV, and the measurement of the normalized second-order
autocorrelation function, g2 (1), gives a value of 0.5 at zero delay time, indicating the
single-photon emitter nature of the collected light. An explanation of this result is
still unclear and more experiments need to be done, but the emission is more likely
to be originated from luminescent defects in AlGaAs, for instance, Ge, Si, O or more.
Further investigation on growing conditions are expected to confirm this picture, but
also to obtain single photon emission from AlGaAs deposited on the dewetted
structures. The current chapter can be used as a guide for future experiments in order
to explore more the idea of Ge droplets which work as nano-resonators or any kind
of resonators to amplify the extracted light for single photon purposes. Studies have
shown that impurities work [1] and they work very well under certain conditions [2-
3]. However, the starting point is here and lot of interesting properties can be found

as soon as we have more details and more experiments in this direction,
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Chapter 6: Conclusions

The aim of this Ph.D activity was to develop single photon sources on Si
exploiting light matter interaction with a nano-photonic structure for improving the
emission efficiency. The path we aimed to follow was to embed individual localized
Impurities in a semiconductor nanocrystal with suitable size to act as a dielectric Mie
resonator, also denominated as dielectric antennas. The main body of this project is
then focused on the fabrication and optimization of the optical properties of the Ge
Mie resonators which served as proper seed for epitaxial growth of I11-V with
guantum emitters. Initial steps have been made in order to study the light matter

interaction between the localized impurities and the dielectric Mie resonators.

Solid state dewetting was used to fabricate Ge nanocrystals of different sub-
micrometric size. The main novelty of our approach was the use of a thin film of a-
Ge, instead of c-Ge, for the solid state dewetting, which turned out as an alternative
path with interesting film’s kinetics. The formed nano-islands are crystalline, with a
density and a size that are controlled by the annealing temperature, time, and
temperature ramp. Surface tension plays a role only in determining the final shape
of the nano-islands, which show a compact, 3D shape driven by surface energy
minimization. We assessed that two temperature activated mass transfers are relevant
during the process. The first, which dominates at intermediate temperatures (T> 550
°C), is the diffusion of Ge atoms from the a-Ge to the crystalline nuclei. The second,
which determines the island size distribution at high temperature, is the Ostwald

ripening.

For photonic applications, it is demanding to get the appropriate size of the

Mie antenna. We defined a solid state dewetting protocol for obtaining the proper
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size for the epitaxial regrowth, thus to match with the light matter coupling
wavelength region. In addition, we also exploited assisted methods with lithographic

patterns, to optimize the density of dielectric antennas.

Epitaxial growth of AlGaAs on the Ge seeds was performed to create an Il1-
V layer on which to incorporate the quantum emitters. We performed a systematic
study of the amount of deposited material and its emission energy, in order to find a
good match between the wavelength of the light emitter and the Mie resonance, as
well as to assess the quality of the fabricated nano-antennas. We finally aimed to
include individual color centers as quantum emitters in the AlGaAs layer. The target
impurity was Ge, due to the natural and unavoidable incorporation of Ge in the
AlGaAs from the seeds. Indeed, it was known from the literature that these extrinsic
centers are capable of excitonic and multi-excitonic emission at nitrogen

temperatures, as well as single photon emission.

Monocrystalline islands will act both as seeds for the epitaxial regrowth as
well as sub-wavelength antennas, and therefore extensive study of the scattering
profile of individual islands was done at University of Marseille as a secondment
within the 4photon network. The so-called Mie resonators present a scattering
spectrum measured by dark field optical microscope. The bright colors seen with
dark field microscopy originate from the Mie resonances that are formed within each
particle, depending on its size and shape. We showed that the use of a thick SiO,
layer below the nanoantennas, which acts as an etalon, can be used to enhance the
optical response. Dark-field images reveal a net colorization which tends to the red
when increasing particle size. The corresponding scattering spectra confirm this
tendency, showing several sharp bands that increase in number at long wavelengths
for larger islands. These resonances share a similar spectral position and spacing

between them.
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The integration of quantum emitters was the final challenge. As could happen
in any scientific project, the initial idea failed and unexpected results were found.
We tested the presence of optically active impurity centers in our samples were tested
by micro-Photoluminescence set-up in the University of Florence and LENS lab
during an extensive secondment. This activity provided an extensive study of the
AlGaAs deposited Ge islands, which unfortunately didn’t show any quantum emitter
and the problem is still under discussion and certainly needs further investigations.
At the same time, experiments on several samples revealed bright light sources from
AlGaAs directly deposited on the top of initially aluminized surface of the SiO;
substrate. Time resolved and autocorrelation measurements showed g (2) ~ 0.5

revealing the quantum nature of the emission.

Those emission centers are under investigation to understand their nature and
the possibility to control them. Still, we believe that they can be an unexpected and
yet promising way to integrate quantum emitters on oxide layers on the top of any

Si photonic structures, thus paving the route for many interesting developments.
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Appendix A: Faceting shape of Si

nanoislands

Analysis of morphological characterization of faceting shape of Si islands
from spontaneous dewetting was performed with an ultra-thin tip of AFM. Those
experiments were very important for this thesis in order to understand whether the
faceting shape of the formed island, acting as Mie resonators, are similar to the ones
observed in the literature [a]. In Fig. 1 a 10 x10 um area from a dewetted sample is
studied from a Si sample after solid state dewetting at T= 750 °C inside the MBE
chamber of the set-up described in Chapter 3. The annealing time was 2 hours and

the morphology was monitored by RHEED in situ real time.

[T 2690m

Figure 1: Si islands characterized by AFM on a 10x10 um area.

Results show that after solid state dewetting occurred we find out that the

minimized energy facets {113}, were exposed. Fig. 2, is shown AFM
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characterization with an ultra-sharp tip, of a 0.5 um x 0.5 um area, in different angles

exposing the faceting profile of the highlighted island.

Figure 2: Ultra-thin tip AFM measurement of a 1um x 1um area. The studied island is

shown in different angles to spot the faceting shape.

The contact angle between (001) surface and the larger linear line it was found
41° which corresponds to {113} facet. Those results are coming in agreement with
reference [b] where the dominant exposed facet is {113}. However, comparing
islands coming from different experimental conditions, such as dewetting and crystal
growth [a-e] we observe differences in the dominant exposed facets of SiGe islands.
In reference [a] the SEM characterization showed that the faceting shape of the
islands is covered with facets, such as {501}, {311}, {23 15 3} and {111}, which
are usually observed on the sides of large Ge and Si islands. Moreover, it is possible
to find a lot of small facets but not a dominant one on crystalline islands. In
references [d, e] the dominant observed facets correspond to {105} coming in
disagreement with the previous reported island’s shape. The round shape of the
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islands is not crucial for the selection of exposed facets, because as we see in the
reference [d] and [e], the pyramidal shape has the same exposed facets comparing
one of the round-shaped islands. According to this work though, the preferable shape
and exposed facets are round shapes and {113} faceting observed globally in the
whole sample. However, substrate and dewetting conditions should play an
important role in this mechanism. In the current thesis, we discuss those differences
supported by kinetic theory. Stabilized facets according to temperature could be a
stable or metastable system and according to ref [f-g] temperature is playing a
dominant role in the dominant exposed facet. Our results present perfect agreement
with those references, where the {113} facet is the dominant one, below a certain

temperature.
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e Athens Science Festival, Quantum Cryptography’, Athens, Greece, 2019.

Abstract of the talk: Quantum cryptography is a promising method to secure
our telecommunications, eliminating once for all any interception of users or
even national and international communication systems. In the past, many
tries were completely failed, even if the cryptographic method was
sophisticated and complex to transfer the messages from the transmitter to the
receiver, since humans always found a solution to solve the cryptographic
messages. With quantum cryptography, nature itself can provide us the
possibility to secure our messages without any interference with it. Let’s take

a closer look into this mystery of physics and quantum mechanics.

141



Acknowledgements

It seems it is quite usual to record acknowledgements by declaring that there
are too many debts that need to be repaid. However, there is not such a currency with
strong exchange value to give back all the valuable lessons | learn during all these
years of this Ph.D thesis. Lessons which at first glance seem to be all constrictive.
But, like every story ever told is the result of lessons experienced, and like light
interacting with matter, there are constructive and destructive interferences.
However, they do not cease to be valuable lessons. The people I met during these
years were more than valuable to me and the only way to reply to their help is by
expressing my deepest and honest gratitude. First, 1 would like to thank my
supervisor prof. Stefano Sanguinetti in University of Milano — Bicocca who gave me
the opportunity to work in such an environment and to benefit from the experience
and knowledge of his group in L-NESS and foremost for his patience and
collaboration. In the workplace in L-NESS, in Como, where | spent most of my time
during these 3 years, | had the chance to meet also prof. Shiro Tsukamoto to whom
| own a lot, not only for his collaboration but also because he was the teacher of mine
and together with Dr. Sergio Bietti were the two columns of my psychological
support and friendly advice. I can’t forget to thank Dr. Alexey Fedorov, my closest
advisor for the experimental processes. With him | was able to benefit from his
lessons about the MBE machine, but I can’t forget the countless hours discussing
physics and science. The interaction with him was an example of destructive
interference at first, but then transformed into constructive interference with fruitful
and valuable lessons on how to think like a scientist. The person | would like to thank
from the people | met in Como-Milano, is my dearest friend, flatmate and

collaborator Artur Tuktamyshev. His calmness and smile were always a way to make

142



me feel good being around him. | also found the discussions | had with him about
our Ph.D thesis extremely helpful along the valuable advice | got from him. Finally,
| would like to thank prof. Monica Bollani for the collaboration and discussion | had
during my stay in Como.

Except my experience in Como | had the opportunity to meet people during
my secondments in Florence and in Marseille. In both places | stayed long enough
to interact and meet amazing people who not only were valuable collaborators but
also friends of mine. First, | would like to thank prof. Massimo Gurioli, my co —
supervisor in Florence. He makes my 6 months stay in Florence unstressed and he
shared with me his valuable experience in the photonics field. He always impressed
me with his knowledge and his kindness. With him | learned how to scientifically
approach experimental data and analyze them towards the assumptions and
conclusions. Furthermore, | would like to thank Dr. Francesco Biccari, my
collaborator and kind friend. With him | discussed and performed the micro-PL
experiments. | learned valuable lessons and | benefited from his experience and
together with Andrea Ristori my time in Florence were unforgettable. Andrea is my
dear friend where we spend countless hours in lab 6 in LENS. When | think of kind
and amazing people I met during my Ph.D he will be the first example.

My second secondment was in France this time and in University of Marseille.
In this place | met prof. Marco Abbarchi. | have no words to express how many
things | own to him. First of all, he made my stay in Marseille and in his group my
favorite 5-month period during the Ph.D. | am amazed by the environment | met in
his group. | felt immediately like | was part of the team and thus it motivated me a
lot to learn more and more. There were also many times when my friend Marco

supported me with my difficulties and made me feel valuable and strong. | will

143



always be grateful to him. Of course, there | met amazing people and | would like to
thank my friends Momo, Jibe, Mehrnaz, Mario, Drisse, Jerome, Ilia and Gabrielle.
Furthermore, | would like to thank my 4photon friends with whom |
collaborate during these years. | had an amazing time every time we met for the
conferences and workshops. Antonio, Andrea, Leonardo, Giorgos, Adonai,
Geoffrey, Meryem, Shivangi, Liang, Panaiot, Piotr, Raja and Jonathan. | hope to
have the chance to collaborate again in the future. Furthermore, | would like to thank
my parents, Apostolis and Mary for the unconditional support in my life and my
sister Dimitra who is always there to support me in any difficulties. The current thesis
however, is devoted to my grandfather who died during the writing process of this
text. | will always remember him. Finally, last but not least, my best friends
Chrysanthos, Nikos, Kostas, Odysseas, Michalis, Notis, Marilena, Maria, Charis,
Giannis, Alex and Marco who really stand by my side discussing and listening to
me. | will be always grateful for their support and encouragement which are worth

more than | can express on paper.

Dimosthenis 2020-2021

144



