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Abstract

Today, the world is on the verge of a new technological breakthrough that has
been called the “second quantum revolution”: much like the understanding of
semiconductor physics paved the way for the development of integrated
circuits and ushered the age of information technology, the development of the
first working quantum computers might start a profound change in the way we
process information, and pave the way for much anticipated technological

breakthrough.

In my thesis, | have investigated the applications of Pyramidal Quantum Dots
(PQDs) as potential sources of single and entangled photons, with a particular
focus on improving their quality and brightness, and explored new approaches
for their processing that would make them suitable for integration in future

guantum devices.

In order to address the limits of the conventional InGaAs in GaAs PQDs in
relation to resonant pumping of the biexcitonic state, | contributed to the
development of two new families of dots: GaAs in AlGaAs PQDs and GaAs
dots confined by superlattice barriers. For the former, only results of growths
on templates of smaller size were reported in the literature, while the latter is
a completely new family of PQDs altogether. Results reported in this thesis
indicate a surprising uniformity in spectral features for either family, and
demonstrate that resonant excitation can indeed be achieved due to the

binding biexcitonic state.

In collaboration with Prof. Di Falco’s group in the University of St. Andrews
(UK), we have demonstrated potential applications in the field of
semiconductor non-classical light sources of the Electron Beam Induced
Deposition technique, which allowed us to fabricate complex dielectric
nanostructures directly above the quantum emitters. Our work showed how
this approach doesn’t cause any significant degradation in the emission

spectra, and was complemented by a large number of simulations to elucidate
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the underlying mechanisms that allow SiO, nanostructures to boost light

extraction efficiency form the semiconductor matrix depending on their shape.

A more promising approach to boost the brightness of our dots was also
developed, in the form of a self-aligning technique that allows to fabricate
micro and nanopillars using dry etching, and that allowed us to achieve our

own record of brightness.

Furthermore, an approach to compensate for the effects of the excitonic fine
structure splitting on the level of entanglement was devised: the model we
have developed complements similar proposals that have previously
appeared in the literature, but is also extremely intuitive due to its sequential

logic gate structure.

Finally, for the first time transmission electron microscopy of PQDs was
achieved in a joint effort with Queen’s University Belfast, a success in large
part made possible by the new processing strategies devised in this thesis,

and whose preliminary results are here reported.
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1. Introduction

1.1 General framework

It was in 1938 that Konrad Zuse built the first modern computer in his
apartment in Berlin, called the “Z1”: it was soon followed by more advanced
electromechanical models built for the Luftwaffe (German Air Force), which
needed a way to reliably perform tedious calculations related to airplane
design. In the same years, but working for the opposite front of the war,
Thomas Flowers began building the Colossus to speed up the codebreaking

effort.

The rush for developing faster and better performing machines had started,
and was about to become even more competitive with the beginning of the
Cold War: the ability to perform calculations at ever increasing speeds quite
literally propelled the Human Race to the stars, and ushered a new industrial

revolution and the dawn of the Information Age.

This was made possible in the first place by technological advancements in the
field of semiconductor device processing, that allowed to progressively reduce
the footprint of the fundamental components of integrated circuits?!, as

empirically shown by Gordon Moore with the law that bears his name.

Today, however, there is a general consensus that the main strategy so far
used to improve the performance of integrated circuits has finally exhausted
its momentum: the gate length of modern transistors is approaching the limit
where quantum effects will begin to dominate? and cause greater leakage
currents between source and drain, calling for novel approaches to further

raise the performance of modern computers.

While this problem can be somewhat worked around using parallel
architectures, there is a more fundamental one that presses for a paradigm

shift, rather than an incremental advance: simulation of quantum systems is

1



usually extremely demanding in terms of computational resources and can
only be performed for relatively simple cases with a small number of particles.
Richard Feynman was the first to propose to simulate quantum systems by
using something that shares their quantum behavior, rather than trying to
represent them via strings of Boolean values: what he was envisioning was a
device that processes quantum objects, and that would have been known in

the years to come as a quantum computer.

The whole field of quantum computing, initially considered not very different
from fringe science, began booming when Peter Shor proposed the first,
practical, quantum algorithm for the factorization of a number in its prime
components: he showed that such an operation, that would scale
exponentially in time with increasing complexity on a classical computer,
would scale polynomially by fully harnessing the power of a (theoretical)
qguantum computer. Exactly like Turing’s work during World War |IlI, a
revolution in codebreaking paved the way for an unexpected, but highly

welcomed, new field to explore.

Now, the world might be on the verge of a new era, as the first quantum
computers begin to appear. Whether they will ever be able to deliver the
(great) expectations they have been associated with remains to be seen, but
the effort to solve scalability and decoherence problems is titanic: rarely in
history so many scientists and engineers have been devoting themselves to
bring to bear not the solution to a problem, but a concept that, by its nature,
transcends a single field. From semiconductor Physics to superconductivity,
from photonics to software engineering, no effort is spared in trying to make

the dream of a quantum computer a reality.

When Zuse started building his Z-series of computer, the technology he was
using was changing between different generations of his devices, as he was

trying to figure out the best one to build his computing machine with: likewise,

2



itis not obvious today what the natural platform to build a quantum computer
from could be. Superconductive devices seem to be dominating the
competition so far*®, but they are plagued by problems of decoherence, and
stringent requirements in terms of operating temperature. Photonic quantum
computing is attractive due to possibility of easily transferring photons over
significant distances (thus overlapping with the field of quantum
cryptography), and the fact that properties of the photons such as their phase
can be easily manipulated: this led to the proposal of a Linear Optic Quantum

Computer (LOQC)’0.

The fundamental unit of classical information is a bit: an object that can
assume only 2 distinct values, and that could be represented by the voltage of
a transistor, the charge in a vacuum tube, the holes (or lack thereof) in a
punchcard or even the position of some mechanical part. Its quantum
correspondent object is called a Qubit, which is the short for Quantum Bit:
likewise, different quantum objects can be used to represent it, as long as they
can exist in a superposition of 2 states. Basic quantum mechanics tells us that
if we consider a system that can exist in two possible, distinguishable
configurations, |0> and | 1> that have the same energy, the most general way
of writing the state of the system is as a quantum superposition of said
configurations: | p>=a|0>+B|1>. The states |0>and | 1> are called a (canonical
or standard) computational basis, as they define the Hilbert space a Qubit will
belong to, with |a|? and |B|? giving the probabilities of a measurement
outcome giving either state, as per the Copenhagen interpretation of quantum
mechanics. The fact that measurement operations will indeed collapse
guantum states implies that the outcome of a quantum computation will

always be a classical in nature, such as a string of bits.



1.2 Non classical light sources for photonic quantum computing:

requirements

As discussed before, single photons are simple quantum objects that are quite
attractive as a resource for quantum computing, especially in view of the
possibility of encoding information in their polarization states (and
superpositions thereof). They tend to be quite resilient with respect to
external perturbations and there is a mature technology for their transmission
and manipulation!'™*3, although they have limited capabilities of interacting
with each other, which stems from their bosonic nature and lack of electric
charge: this greatly complicates the development of multi photon quantum

gates, such as the fundamental CNOT.

Beside the challenges related to the fabrication of photonic circuits that could
act as quantum processors, a significant obstacle is represented by the need
to have a source of single photons of high quality to start with, which

translated in the latter’s need to fulfill several stringent requirements:

e On-demand generation of photons: similarly to how a classical CPU
works in steps defined by a clock, such as a crystal oscillator, an ideal
source of photons would have to emit them at regular intervals in time,
dictated by some external signal. For emitters such as quantum dots,
atoms/ions or molecules, this implies a fast pumping to the excited
state and a short relaxation to the ground via emission of a photon47,

It also implies that a high quantum vyield is required with most, and

desirably all, of the recombinations to the ground state happeningin a

radiative way to ensure deterministic generation of the quantum

resource.

e High brightness: strongly related to the previous point, this umbrella

term indicates that a large photon flux is not only desirable to achieve

4



high frequency operation, but is also a fundamental requirement, as
photons will have to be coupled to a photonic circuit for any operation
to be performed onto them. A low brightness of the source will also
render it non-deterministic, if most photons emitted are lost and not
harvested and coupled to the circuit, rendering the ability to generate
them on demand a moot point!®. For solid state sources such as
guantum dots this translates to an efficient extraction from the
semiconductor matrix and an optimal coupling to the collecting optics.
In a broader sense, this could also imply requirements on the far field
profile that for instance has to match that of a single mode

waveguide!>1921,

Single photon purity: The purity of a single photon source is a
parameter that indicates its quality as a single photon emitter. It’s
gauged by the second order autocorrelation at zero delay g2(0), which
would be zero for an ideal single photon source. The autocorrelation
function is usually measured in a standard Hanbury-Brown-Twiss
experiment that employs a 50:50 beam splitter to send half of the
incoming photon flux to each of a pair of detectors. Since the
autocorrelation function is defined as:

L, <N (ON,(t+7) >
9°(® = < N (t) >< Ny(t + 1) >

with N; and N, the number of counts registered in either detector,
the condition g2(0)=0 is equivalent to never having two photons
detected simultaneously on the two detectors. This condition is called

antibunching.

Indistinguishability: For photons to exhibit bosonic coalescence at a

beam splitter, they need to be indistinguishable, that is, they ought to

5



be almost perfectly identical?#23. This implies not only that they need
to have the same energy, but also that their wavepackets should be the
same. If we consider a quantum dot in some excited state, interaction
with phonons, charges generated in the surrounding matrix and even
nuclear spins can give rise to spectral diffusion (e.g. via quantum
confined Stark effect) and phase jumps. In order to mitigate these
effects, besides operating at a low temperature, environmental noise
should be kept to a minimum by reducing generation of free charges
around the quantum dot and minimizing the density of defects in its
proximity. A widely used approach is also to limit the emitter’s radiative
recombination lifetime, so that it is much shorter than its coherence
time: this is achieved by exploiting microcavities to provide a Purcell
effect. A photon wavepacket that has not been affected by
decoherence mechanisms is called a (Fourier) transform limited one.
Bosonic coalescence provides a way to experimentally quantify the
degree of indistinguishability of photons emitted in sequence by a
source in the form of the visibility V of a Hong-Ou-Mandel
experiment?¥2>, This can be seen as an evolution of the HBT experiment
used to assess the degree of single photon emission: if two
indistinguishable photons are fed to the input arms of a beam splitter,
bosonic coalescence will result in them leaving on the same output arm,
meaning that no simultaneous counts will be registered by two
detectors placed on the outputs: the hallmark of an indistinguishable
photon source is thus once more a pronounced dip (ideally reaching

zero) at zero delay of the coincidence counts.

Entangled photon emission: The ability of a source to generate
entangled photons is of great importance for quantum communications

and especially quantum cryptography, with quantum key distribution

6



algorithms such as the BB842%° based on the distribution of the
components of an entangled EPR (Einstein-Podolsky-Rosen) pair.
Several different types of entanglement are possible such as energy or
time-bin entanglement?’?8, but in the course if this thesis we will mostly
refer to polarization entanglement?>°, Several parameters can be used
to quantify the degree of entanglement, such as the Fidelity,
Concurrence and Peres criterion. A deeper discussion regarding

(polarization) entanglement is contained in chapter 6.

Besides, there are a few features of an ideal source that would be desirable,

although not strictly necessary, for guantum technology applications:

Electrical pumping: While most photon sources are today optically
pumped, these schemes usually require expensive equipment and large
(bench top) apparatuses that complicate miniaturization. Achieving
electrical pumping would indeed be a desirable outcome, and it would
help bridge the technological gap between photonic and
superconductive quantum computing, although only a few results in

this sense have been reported so far31-3,

Room temperature operation: photonic source such as quantum dots
or molecules have to be operated at cryogenic temperatures of a few
Kelvins in order to generate photons of acceptable quality. There is

36-40

hope that in the future GaN quantum dots might allow for

operation at much higher temperatures.

Operating wavelength: In order to minimize losses, it would be
desirable for the photon source to operate at a wavelength where
absorption in the chosen photonic platform is minimized. This

requirement becomes even more stringent when we also consider



quantum communications and cryptography*#2, where photons are to
be transferred over great distances using optical fibers. It is possible to
shift the frequency of single photons using non-linear effects or
frequency modulation*®#*, but at the price of an increase in complexity

and efficiency losses.

e Scalability: In order to move from exploratory lab testing to industrial
production, the fabrication process of the sources should be
deterministic. This implies both a form of site control*~*, where the
sources are fabricated at predetermined locations, and a high yield of
sources with acceptable properties (e.g. spectral quality), although the
latter problem can be somewhat mitigated via the use of external

tuning knobs*=>2,

The workhorse of photonic quantum information was initially represented by
Spontaneous Parametric DownConversion (SPDC), which allows for generation
of single and entangled photons®** with very high purity and entanglement
fidelity using non-linear crystals. Such a process is however probabilistic in
nature, and thus fails to deliver photons on demand. Meanwhile, in the last 20
years advances in epitaxial growth technology have brought a new generation
of solid state quantum emitters in the form of quantum dots>>°®, of sufficient
quality*’°1°7-%0 to become serious contenders as the ideal source for photonic
guantum technologies. Still, this system is not without its drawbacks, as the
fact that the emitter is embedded in a complex matrix creates serious
dephasing problems as previously discussed, and the high refractive index of
the semiconductor material significantly limits the brightness of the source

due to total internal reflection.



The class of quantum dots that was used throughout my research work in

Tyndall is known as Pyramidal Quantum Dots (PQDs), whose main features will

be described in the following chapter.
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2. Pyramidal quantum dots

2.1 Growth of pyramidal quantum dots

Pyramidal quantum dots (PQDs) are a family of inherently site-controlled
quantum emitters, fabricated using Metal-Organic Vapor Phase Epitaxy
(MOVPE)!. Their fabrication process is sketched in figure 2.1: it starts by
defining an ordered array of inverted tetrahedral holes on an 111B oriented
GaAs wafer using a combination of lithography and selective chemical etch. A
Br:MeOh etchant stops on the 3 111A planes, and thus exposes the faces of an

inverted tetrahedron.

l. Lithographic patterning II. Etching in Br:MeOH

IV. MOVPE growth Ga(CH3)3 I

r AsH 3 1ll. Mask removal

Figure2.1 Steps in the fabrication of Pyramidal Quantum dots

If the wafer is then loaded in an MOVPE reactor, the different chemical
behaviors of the various crystal planes come once more into play: the 3 111A
planes allow for an easier thermokinetic dissociation of the metalorganic
precursors, de facto allowing for epitaxial growth to take place almost
exclusively within the tetrahedral recesses if proper conditions in terms of

temperature are met. A mathematical model was developed in our group? to
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describe the growth process, and its heart is a reaction-diffusion equation of
the form:

n;
DiVZni + Fi ——=0

L

Where D;, F; and t; are the diffusion constant, effective atomic flux and
incorporation time for each atomic species. All of these parameters are also
crystal-plane dependent, and in particular the aforementioned surface-
catalyzed decomposition of the metalorganic precursors translates in a
significant source term (F;) only inside the recess, thus confining epitaxial

growth to the three 111A faces and the bottom of the tetrahedral hole.

In a simplified picture, this allows for the growth of epitaxial layers that mimic
the shape (and symmetry) of the inverted tetrahedral hole3; however, the
growth of ternary alloys is often complicated by the different dissociation
kinetics and diffusion coefficients of the various precursors: these create what
are called “segregation effects”, that is, spatial variation in the stoichiometry
of the grown alloys within the 3 dimensional grown layer?. These are actually
a result of the competition of the different group Il adatoms for bonding sites.
Far from being a nuisance, they allow for the spontaneous creation of a
plethora of nanostructures within the epitaxial structure, as shown in figure
2.2: for example, growth of an Al,Ga,_,As alloy will result in a symmetric
region along the axis of the tetrahedron with lower Al content, and thus a
smaller bandgap, resulting in a quantum wire. It should be noted that this
approach to fabricate quantum dots and other nanostructures in an inverted
tetrahedral template can be considered a 3-dimensional extension of growth

techniques of quantum wires on V grooves®>®.
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Figure 2.2 Nanostructures formed during growths. Left: InGaAs dots are grown alongside three lateral quantum
wres and quantum wells. Right: GaAs in AlGaAs dots are formed alongside three lateral quantum wells and a
vertical quantum wire

If a sufficiently thin layer of semiconductor material is grown between two
higher-bandgaps layers, a quantum dot will be deterministically formed along
the axis of the tetrahedron”: this is in stark contrast with most other quantum
dot systems (e.g. Stranski-Kranstanov or self-assembled ones) that instead are
randomly positioned due to their fabrication process relying on strain
relaxation of non-lattice matched epitaxial layers. It should be noted that other
ways to fabricate site-controlled quantum dots exist, such as the infilling of
nanoholes defined with electron beam lithography?®, but the growth of the
guantum emitter so close to processed surfaces usually severely degrades its
optical quality: in PQDs these effects can be reduced if the tetrahedral recess
is made sufficiently large to accommodate the growth of a thick buffer layer,

resulting in quantum dots of superior quality.

Furthermore, pyramidal quantum dots are believed to retain a high degree of
symmetry from their growth template, which in principle significantly reduces
the excitonic fine-structure splitting by ruling out shape deformations, one of
its prime causes in Stranski-Kranstanov quantum dots. Other effects such as
alloy disorder®1° are however unavoidable, and likely to be responsible for the

residual FSS displayed by PQDs.
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The first generation of PQDs, developed in Prof. Eli Kapon’s group at the EPFL,
was mostly grown within medium size recesses (~ 5 micron or smaller),
including the later development of relatively small nanoholes (< than 500 nm

pitch) with the goal of pursuing photonic crystal integration.

In Tyndall a choice was made to move to holes of larger size, way bigger than
precursors’ diffusion length (up to 12.5 microns), and to introduce thicker
buffer layers which significantly improved the spectral quality of the QDs’
emission, and allowed to demonstrate, for the first time, emission of

entangled photons from this family of QDs%*?.

On the other hand, fabrication of dots within structures much larger than their
emission wavelength created significant challenges for further processing and

interfacing of the emitters with the rest of the world.
2.2 Post-growth sample processing techniques: back-etching

First of all, the growth of pyramidal quantum dots yields a structure with a
vestigial recess several microns wide and deep (figure 2.3), located directly
above the quantum emitter, which is detrimental for light extraction:
extracting light from a high refractive index semiconductor such as GaAs is
already difficult in the case of a planar structure due to total internal reflection,
but the presence of the recess depresses light extraction efficiency even
further, resulting in a brightness so low that little to nothing could be done

with this family of emitters in this pristine, as grown configuration.
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Figure 2.3 SEM image of a PQD sample after MOVPE growth, with the vestigial recess clearly visible

The historical strategy employed to boost light extraction efficiency, and thus
the overall brightness of the quantum emitter is called back-etching. The
sample is bonded upside down with an adhesive (usually the SU8 resist, which
has excellent structural properties after hard baking) on a larger wafer dice in
order to provide mechanical support. In the past, bonding was achieved via
melting of a Ni-Au eutectic alloy: a much longer procedure that required gold
evaporations on both the sample and the carrier, while the introduction of SU8
bonding was an improvement | developed early on in my PhD, and allowed to
significantly speed up sample fabrication. Mechanical grinding with large (few
microns) Alumina powder solution is employed to remove most of the
substrate, leaving a few tens of microns, which are subsequently etched away

ina NH,OH /H,0, solution which easily etches Gallium Arsenide.

If an etch stop layer is inserted in the epitaxial growth (e.g. Al(Ga)As), the
chemical etching will expose the pyramids, which will remain in an apex-up
configuration, significantly boosting light extraction efficiency and allowing for

micro-photoluminescence to be performed (fig. 2.4).

19



AlAs etch

stop layer L 1 L A » 1 )

Adhesive

Carrier
substrate

Figure 2.4: sketch of a back-etching process used to expose pyramidal microstructures
This approach, albeit relatively simple and straightforward, is not without
drawbacks: first of all, tilts introduced during the various bonding and grinding
stages result in poor uniformity across the sample on a macroscopic scale, but
even more problematic is the damage often introduced to the quantum
emitters due to the aggressive chemical etch: the limited selectivity of the etch
stop layer and its oxidation when exposed to air due to the high Al content
contribute to the introduction of chemical damage on the pyramidal
structures, which in turn translate to a significant broadening of the QD’s

emission lines, or to a loss of quantum dots spectral features altogether.

As if these shortcomings were not enough, it should be noted that while the
brightness of the QD is increased by orders of magnitude with respect to the
as grown configuration, it still remains in the range of a few point percent of
the total emission of the dot, while the tetrahedral shape of the pyramidal
microstructure causes a complex, multi-lobed far field pattern that is
unsuitable for coupling to single mode fibers or a photonic circuit of any kind
(see Fig. 2.5). It became apparent early on in my PhD that radically new

strategies had to be developed in order to circumvent these problems.
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Figure 2.5: FDTD simulation of the far field profile of a back-etched PQD structure, calculated at a typical emission
wavelength of 865 nm.

2.3 Post-growth sample processing techniques: polishing

Chemo-mechanical planarization (CMP) is a simple way to get rid of the
vestigial recess and move back to a planar geometry, which in turn would allow
to use on Pyramidal quantum dots the plethora of processing techniques

developed for more conventional dots families.

In all of our experiments, samples were bonded using wax on a glass slide, and
subjected to CMP on a Logitech PM5 grinder/polisher equipped with a Silicon
Carbide polishing plate, while a slurry containing 70 nm silicon dioxide

nanoparticles (Eminess 2EX) provided the abrasive effect.
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}Removed material

Figure 2.6 sketch of the CMP process used to remove the vestigial recess

Periodic inspection using an optical microscope showed a clear shrinking of
the recess, and the process was repeated until a perfectly flat surface was
obtained: it should be noted that given the small size of the nanoparticles of
the polishing slurry, the resulting surface finish is of high quality, and very
limited scattering and light trapping can be expected at the interface.
Moreover, the epitaxially-grown layer can still be located via simple optical
inspection due to high contrast of the AlAs/AlGaAs layer usually employed as
an etch-stop during back-etching and GaAs: this implies that the position of
individual quantum dots can still be correctly identified without the need for

additional alignment marks, as can be seen in figure 2.7.

Figure 2.7 Optical microscope image showing the surface of a polished sample. The triangular base of the
inverted tetrahedron can be clearly seen
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Investigation using micro-PL of samples processed via this polishing approach
showed an overall improvement of the spectral quality of the dots and a far
greater uniformity across the sample, although the brightness remained rather
limited, and still inferior to the one obtained via back-etching as one would
expect. The greater uniformity and improved spectral quality we obtained are
an indication that the back-etching process generally results in (chemical)
surface damage, which in turn is likely to generate free and trapped charges

negatively influencing the photoluminescence quality.

Poor extraction of light from high-refractive index semiconductors is usually
due to an interplay of two effects. On one side, the high refractive index
contrast between the semiconductor and air (or vacuum) is very high, leading
to a rather small critical angle: total internal reflection causes all the light
reaching the interface at a steeper angle to be entirely reflected back into the
substrate. On the other side, only a fraction of the light which is extracted from
the semiconductor can be in practice collected, due to the finite numerical

aperture of the objective employed.

On possible solution is the use of a solid immersion lens: this mitigates the
former problem, by reducing the refractive index contrast at the interface, but
even more importantly affects the far field, and thus improves collection

efficiency.

Indeed, experiments performed using our QDs and 1mm-wide
superhemispherical (Weierstrass) glass lenses, glued using thin layers of SU-8
resist or optical adhesives (Norland NOA 61) showed a significant boost of light
extraction efficiency, which becomes comparable, if not even slightly superior,
to the one achievable with back-etched samples (fig. 2.8), but without the

drawbacks of the latter approach.
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Figure 2.8 Micro-PL spectrum of polished samples. Left, without a SIL and an integration time of 5 seconds,
right with a SIL and an integration time of 1 second. The sample with the SIL is almost 50 times brighter

While the total brightness still remained much below what is obtained by other
groups that employ more sophisticated strategies, it soon became clear that
moving away from the original pyramidal shape and the limits of conventional
processing approaches could be the key to push applications of PQDs much

further.

2.4 Typical spectral features of quantum dots under optical excitation

A typical semiconductor quantum dot possesses a large number of different
bound states that are potentially optically active. The ones which are usually

seen in a typical spectra from our QDs are the following:

e Exciton(s): an exciton is a quasi-particle formed by an electron and a
hole paired together and subjected to mutual electrostatic interaction.
There are in total four different excitonic states, due to the different
arrangements of their spins. In the simplest picture, these are two sets
of double degenerate states: one pair has a total angular momentum
J=1, and is thus optically active, as transition to the ground state is
allowed by spin-selection rules. The other pair, dubbed dark excitons, is

instead made by very long-living states due to the transition to the
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ground being spin-forbidden, and are usually not observed in
photoluminescence spectra.
However, reality is a little more complex, as degeneracy between the
excitonic states is often removed, leading to the appearance of a fine-
structure splitting (FSS): the most elegant way to understand this is by
using Noether’s theorem, which highlights how the lifting of a
degeneracy is the consequence of the breaking of a symmetry.
Anisotropies in the shape of a quantum dot, composition of the
barriers, or other causes of asymmetry in the confining potential such
as strain or electric fields concur to determine the magnitude of said
FSS, whose values can reach tens of peV.

e Trions: trions are excitons paired with either an electron (negative
trion, or X~), or a hole (X ™).

e Biexciton: a biexciton is an excited state made up of two electrons and

two holes. It has a total angular momentum J=0

Conservation of total angular momentum, exemplified in optical selection
rules, implies that recombination of excited states can happen only via the
emission of a single photon, exactly like it would for an individual atom, thus

implying that quantum dots can indeed be excellent single photon sources.

Even more interestingly however, conservation of angular momentum results
in the possibility of emitting (polarization) entangled photon pairs via a

mechanism known as the biexciton-exciton recombination cascade??.

If we consider for simplicity a situation where there is no fine structure
splitting, so that the two (bright) excitonic states are perfectly degenerate and
a quantum dot which is prepared in a biexcitonic state |XX>, direct radiative
recombination to the ground state is not allowed by angular momentum

selection rules for single photon transitions, so that the recombination will
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happen via two transitions taking place in sequence. A first transition,
accompanied by the emission of a photon, will bring the quantum dot in a
superposition of the excitonic states, while a second transition will relax the
system in its ground state. The relationship between the polarizations of the
two photons can be intuitively understood via a semi-classical model based on
the conservation of angular momentum: as both the initial (|XX>) and final
ground state have J=0, the sum of the angular momentum carried away by the
two photons should be zero, so that if the first emitted photon is measured to
have a spin angular momentum component of +h (left circular polarization),
the second is expected to have an angular momentum of -h (right circular
polarization) and vice versa, so that the state of the photon pair, prior to the
measurement, can be written as

1
|p >= —(|LxxRx > +|RxxLx >)

V2

Or, in a linear basis

1
>=—(|HyxHyx > +|VxxVx >
[¥ \/E(l xx 1y [VxxVx >)

Which implies that the two photons are polarization entangled.

The aforementioned problem of fine structure splitting tends to break the
simple picture we have discussed so far, and spoils entanglement as discussed
by Stevenson in his seminal paper®3. One of the following chapters is dedicated
to this problem, and we will not discuss here the mechanism by which
entanglement is degraded to avoid unnecessary repetitions. It is however
important to remark how one of the most effective mitigation strategies that
is employed to reduce FSS and improve the quality of entangled photons
emission is to use quantum dots grown on high symmetry planes such as 111A
and 111B'**>: indeed, our system falls in this category, and InGaAs pyramidal

quantum dots usually display quite small values of excitonic fine structure
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splitting of only a few peV on average, which makes them suitable for
entangled photon emission. In fact, theory predicts that as the QD is expected
to inherit the Cs5,, symmetry of the tetrahedral growth template, there should

be no contribution from shape anisotropy to the FSS®&.
2.5 Excitation schemes

There are two ways to generate excited states in a quantum dot: electrically
and optically. Electrical pumping is the most attractive approach from an
engineering standpoint, as it entails the possibility of using quantum dots as
active sources in proper scalable quantum circuits. Efforts to achieve electrical
pumping have been rewarded with remarkable results, but besides the
fabrication complexity of this class of devices, there is usually a very poor
control on the nature of the excited state which is being generated via charge

injection.

Optical pumping on the other hand, while being a technique which is further
away from large scale technological and commercial applications, has a far
greater flexibility, and allows for the initialization of a desired state for the
guantum dots. The name optical pumping is actually an umbrella name for
several techniques which target different states, the most notable of whom

will now be briefly discussed along with their advantages and disadvantages:

¢ Non-resonant pumping: by far the simplest approach, this technique
consists of the irradiation of the quantum dot with a laser (continuous
wave or pulsed) operating at a wavelength shorter than the one
corresponding to the bandgap of the substrate material. This generates
a large amount of charges in the surroundings of the quantum dot,
which then diffuse and get trapped within its potential well, relaxing to
one of the QD’s excited states by exchanging energy with its
surroundings. For Stranski-Kranstanov dots, excitation of the wetting

layer (i.e. the thin planar layer epitaxially grown before the nucleation
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of the dot) falls under this category as well. The downside of this
approach is obviously the lack of any control whatsoever on the states
that are generated, the introduction of a jitter (i.e. a temporal delay
between the laser pulse and the initialization of the excited state) due
to the feeding mechanism and the creation of a rather noisy
environment due to the large number of charges generated around the
guantum dot, which can in turn give rise to a broadening of the
transitions’ linewidths via Stark Shift (and thus a reduction of

indistinguishability) and interfere with the recombination cascades.

Quasi-resonant pumping: also called P-shell pumping, it allows for the
direct generation of charges within the quantum dot by tuning the laser
frequency in resonance with a transition between the ground state and
an excited state that lies above the target one. This allows the
population of the latter via conventional radiative or non-radiative
recombination processes, significantly reducing the temporal jitter and

improving indistinguishability.

Resonant excitation of the excitonic state: as transitions between the
ground state and the bright excitonic ones are dipole-allowed, using a
laser of the right frequency allows for a direct population of the X state.
However, decoupling the emission of the quantum dot and excitation
laser becomes a significant challenge as no spectral filtering is possible:
using a linearly polarized excitation and a cross-polarizer in the
detection line to suppress the laser is an option, but it also causes the
loss of 50% of the emission from the QD. It is possible to separate the
direction of the emission and that of the excitation laser by employing
waveguides, but only at the price of a greater fabrication complexity. A

simpler solution is to have a phonon-assisted process, where the
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frequency of the laser is tuned to be slightly higher than that of the

ground to X transition.

e Resonant excitation of the biexcitonic state: the ground to XX
transition is not allowed by dipole-selection rules for single photon
events, so there is no way it can be achieved via the absorption of a
single photon, even if the latter’s energy perfectly matches that of the
| XX> state. The biexciton can however be populated via a two-photon
process (TPE), which as such requires a significant power due to the far
smaller two photon cross section. On the other hand, as the frequency
of the laser will be tuned to that of a virtual level between the ground
and | XX> state, spectral discrimination of the signal from the excitation
pulse will be possible, and no polarization filtering will be required: this
is obviously pivotal for the generation of polarization entangled

photons.

A variation of this approach is a phonon assisted resonant excitation of
the biexcitonic state, where a detuning of the laser frequency is
introduced so that population of the |XX> state is achieved thanks to

the interaction of acoustic phonons with the generated carriers.

- [ XX>
| X>
UL Virtual level
E

Figure 2.9: Sketch of a 2 photon resonant pumping excitation scheme
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The two hallmarks of resonant pumping are spectral cleanliness and Rabi

oscillations.

With spectral cleanliness we indicate the disappearance from the QD’s
emission spectra of all features originating from other transitions besides the
ones directly involved in the pumping scheme and relaxation of the generated
states, while Rabi oscillations indicate the behavior of the excited population
as a function of the pulse’s pump area. For a generic two level system
coherently driven by a continuous laser, solution of the time-dependent
Schrodinger equation will yield, in the so-called strong field regime, an

oscillating function for the probability of the state being in the excited level:

wt

|Cupper(t)|2 = a * sin® (7)

Where w is called the Rabi frequency: in our case, we would be interested in
initializing the system in a specific state, and then let the system relax,
meaning that pulses will be used in place of a continuous wave. In order to
deterministically prepare the system, the pulse area must be properly chosen:
a pulse having the optimal amplitude and duration, so that the system will be
brought in the target excited state with unitary probability is called a m-pulse,
as it would intuitively correspond to the situation where wt=mn in the

continuous wave case.

It is obvious that for any advanced quantum protocol or even practical
application resonant pumping is a fundamental requirement, as it allows an
on demand generation of the single photon to be used as a qubit, or of an
entangled photon pair, without the issues related to the jitter intrinsic of non-

resonant excitation schemes.
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However, while pyramidal InGaAs quantum dots have in the past proven to be
promising sources of single and most notably entangled photons, issues arise
when a resonant pumping is attempted, as they have an antibinding biexciton,
whose energy with respect to the ground state of the system is more than
twice that of a single exciton. This complicates preparation of the biexcitonic
state via photon excitation, as the virtual level will be lying above (and close
to) the excitonic one, meaning that a phonon assisted process can populate
the intermediate excitonic state (fig. 2.10), and will be in competition with the

former excitation scheme?8.

| XX>

2 photon XX excitation

Phonon-assisted X

excitation
______ Q ___ Virtual level

| X>
Exx

| 0>

Figure 2.10: Competing excitation mechanisms in quantum dots with an antibinding biexciton. 2 photon excitation
of the XX state is competing with a phonon assisted population of the intermediate X states.

Since the cross-section for a two photon process is usually rather small,
phonon assisted population of the exciton tends to become the dominant
excitation pathway, thus preventing on demand generation of entangled

photon pairs.

In order to solve this fundamental problem, several routes were followed. The

first attempt was based on the stacking of multiple dots to create so-called QD
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molecules: a feat that is greatly simplified in our system in view of the
deterministic positioning of the dots along the axis of the tetrahedron during
growth. It was shown that these systems exhibit a variation of the binding
energy of the biexciton as a function of the parameters of the structure®®?,
such as thickness and distance of the dots, and that samples can be produced
with a binding energy that is close to zero, or whose biexcitons’ character

switches from antibinding to binding, although the reason for this behavior has

not been fully explained at the time of this thesis being written.

While this approach proved successful in producing samples with at least a
sizeable fraction of dots having a binding biexciton, it failed to produce values
of the binding energy that were good enough to straightforwardly achieve
resonant pumping, as beside the fundamental issue we have described, there
are practical ones related to the need of suppressing the laser used to excite
the system. Polarization filtering is obviously not compatible with the
generation of polarization entangled photons, which is our main goal, and the
geometry of the sample prevents us from achieving a spatial separation of the
excitation signal and of the QD’s emission. The only possibility is to perform a
spectral filtering, for instance using optical notch filters, but that requires that
the spectrum of the laser pulse and the transitions of interest are separated

enough to allow for the former to be filtered out.

2.6 Development of GaAs in AlGaAs and GaAs in superlattice barriers dots

A family of dots that has proved time and again to be very suitable for resonant
pumping is represented by droplet etched GaAs dots with AlGaAs barriers?1-22;
these can be fabricated via Molecular Beam Epitaxy (MBE) by filling via
epitaxial growth of GaAs a nanohole etched by an Aluminium droplet on an
AlGaAs substrate, and then fabricating an overlayer that acts as a top barrier.

It would be tempting to draw a comparison between the growth inside one of
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our tetrahedral recesses and the infilling of a nanohole, but the physics of the
two growth process are quite different, as is the resulting morphology of the

outcome.

As discussed before, growth of PQDs via MOVPE on large tetrahedral recesses
is @ complex process whose result is determined by an interplay of reaction
kinetics and diffusion of the various species on the tetrahedral sidewalls:
growth models predict the arising of compositional gradients when ternary
alloys are grown, which determine the formation of the various
nanostructures interconnected to the dot. In the case of AlGaAs growth, the
concentration of Al tends to be lower the closer to the growth axis, resulting
in the formation of a vertical quantum wire which, if a GaAs dot is to be grown
between AlGaAs barriers, provides the confining potential in the vertical
direction: since the quantum wire doesn’t have the typical “core-shell”
structure, but displays a smooth change of the Al concentration, the confining
potential is far from homogeneous, and is expected to be stronger on the sides
of the quantum dot and smaller towards the center, where the wavefunctions
might penetrate more inside the barriers, whose varying composition might
be an additional source of fine-structure splitting. Nevertheless, GaAs
pyramidal quantum dots are expected to have a much larger confinement than
their InGaAs counterparts, due to the increased height of their barriers, even

when leaking effects are taken into account.

Also, the stoichiometry of the barriers can indirectly affect the lateral size of
the dot if their thickness is sufficient: the interplay of the various factors that
affect growth of ternary alloys determines the base width of the growth profile
in equilibrium conditions, that is, after transients due to stoichiometry changes
have been resolved (fig. 2.11).

Growth models indicate that a higher Al content will result in a smaller lateral

size of the growth profile, and thus yield more tightly confined dots.
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Figure 2.11 Evolution of the base width of the growth profile when the growth is switched from GaAs to AlGaAs

The typical structure of a GaAs pyramidal quantum dot sample is reported in
Table 1: the first layer to be grown is a thick buffer that takes advantage of the
relatively large amount of epitaxial material that the tetrahedral recess can
accommodate to increase the distance between the region containing the
qguantum dot and the wet-etched surfaces. An AlAs (or AlGaAs with high Al
content) layer is subsequently grown to behave as an etch stop layer during
the final chemical etch step used to expose the pyramids, as discussed before.
The large thickness of the first Al,Ga;_,As barrier, 100 nm, is chosen not only
to provide the confinement effect, but also so that the transient evolution of
the self-limited growth profile is completed (see Fig 2.11), and the lateral size

of the dot is determined by the selected stoichiometry of the Al, Ga;_,As alloy.
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Table 1: typical structure of a GaAs/AlGaAs PQD sample

Material Nominal Growth temperature

Thickness (nm) (°C)

Buffer GaAs 160 770
Echstop[Als e [

Spacer GaAs 50 730
Barrier | Al,Ga;_As | 100 730
Qb GaAs 0.07-1 730
Barrier | Al,Ga;_yAs | 70 730
Cap GaAs 70 730

GaAs dots with AlGaAs barriers were grown both in 7.5 as well as in 10 um
tetrahedral holes, and exhibited very uniform and reproducible spectral
features, most notably a surprisingly constant biexciton binding energy across
a single sample: while fluctuations intrinsic to epitaxial growth are
exacerbated by the sensitivity of quantum emitters to the environment, and
yield different spectra for different quantum dots, it looks like the energy
difference between the biexciton and exciton photon remains the same, as

shown in fig. 2.12a.
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Figure 2.12: a) emission wavelength for biexciton and exciton photons for various quantum dots, and
corresponding binding energies. B) Rabi oscillation displayed by GaAs dots under 2 photon resonant excitation of
the biexciton.
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This welcomed feature, coupled with the relatively large values of the
(positive) binding energy, makes this family of dot particularly suitable for
resonant pumping, which was indeed successfully attempted both by our
group and Prof. Trotta’s group in Rome?3, as proven by the clear Rabi
oscillations reported in fig. 2.12b and by the clean spectrum in figure 2.13
where a comparison is shown with the spectrum of the same dot when non-
resonant excitation is attempted with a red (633 nm) laser. However, figure
2.12b also shows that the amplitude of the Rabi oscillations of the XX and X
transitions are not the same, as would usually be expected: since the two
curves clearly indicate that the power dependence is the same and suggest
that photons are indeed coming from the biexciton-exciton cascade after
resonant population of the XX state, this behavior can be attributed to some
mechanism causing a non-radiative de-excitation of the biexciton, rather than

to a resonant population of the excitonic state as for InGaAs dots.

Wavelength (nm) Wavelength (nm)
785.61 784.74 783.87 783.00 786.22 784.53 783.84 783.156 T82.46
12000 1600 -
1400 XX X

10000 -
1200 4
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800 |
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1 = I |

1.5793 1.5810 1.5827 1.5844 1.5793 1.5810 1.5827 1.5844
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80004
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4000+

Intensity (CCD counts/s)
Intensity (CCD counts/s)

Figure 2.13 Emission spectrum of a GaAs quantum dot under non-resonant (left) and 2 photon resonant excitation
(right)

Temporal resolved photoluminescence also indicated a short lifetime of
roughly 500 ps and 220 ps for the exciton and biexciton states respectively.

However, the large values of excitonic fine structure splitting displayed by
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GaAs dots (several tens of peV) are hardly compensated by such relatively
short lifetimes, and make them unsuitable as sources of polarization entangled
photons. The cause of such a large FSS is likely to be found in the vertical
guantum wire being responsible for vertical confinement, as the latter exhibits
a far from uniform composition in the plane as discussed before, and likely

exacerbates the impact of alloy fluctuations in the barrier regions.

Interestingly however, a clear trend was observed for the FSS when changing
the thickness of the QD in the growth direction, with the former getting
smaller as the dot was getting thinner: this looks counterintuitive, as it would
cause an increased leaking of the wavefunction in the barrier layers, which
would in turn increase the sensitivity to alloy fluctuations. It is possible
however that this was compensated by a diminished exchange integral, due to

a lesser superposition of the excitonic wavefunctions.

A better approach is the use of a digital alloy, also called a superlattice, for the
barriers of the dot: this is grown by alternating very thin layers of GaAs and
AlAs, and removes the anisotropy of ternary alloy growth while still allowing
for a confining effect to take place, since the resulting material will still have a

larger bandgap than GaAs.

The typical structure of a sample with superlattice barriers is reported in table
2: the outer barrier layers allow to adjust the lateral size of the dot, and
provide additional protection during the chemical etch step in case the etch
stop layer fails. The growth is further terminated with a very thin GaAs layer

to protect the underlying AlGaAs layers from oxidation in the atmosphere.

Indeed, superlattice dots proved a quite successful endeavor, and displayed
both reasonable values of fine structure splitting and spectral features that

allow to achieve resonant pumping.
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Material Nominal Growth
Thickness (nm) | temperature
(°C)
Buffer GaAs 60 770

Spacer GaAs 100 730
Outer barrier | Al,s:Gag4sAs | 70 730
Outer barrier | Alj4sGagssAs | 90 730

Outer barrier | Al ,sGagssAs | 60 730
Outer barrier | Alys5GagysAs | 70 730
Cap GaAs 1 730

Table 2 Typical structure of a dot with superlattice barriers

38



A final approach is to get rid of any complex material in the barriers entirely,
by using AlAs instead of AlGaAs or superlattices, and if needed tune the
emission energy by changing the size of the dot. Since all alloys in this case are
binary, a very small FSS was expected, but while results did confirm that the
FSS was relatively small, it was still on average of a few peV: roughly of the
same magnitude found in InGaAs/GaAs dots, where the wavefunction is
actually confined in a ternary alloy, and of the one exhibited by dots confined
by a superlattice. This behavior is quite surprising, and no explanation has so
far been produced: the small lattice mismatch between GaAs and AlAs seems
to rule out strain as a potential source of asymmetry, but results obtained via
TEM suggest that it is quite difficult to grow AlAs on the base of the growth
profile, and the resulting layer might be thinner and more disordered than
expected, leading to a significant leakage of the wavefunctions into the AlGaAs
outer layers (see chapter 7). As such, it might be possible to further improve

this family of dots by increasing the thickness of the AlAs barriers.

A summary of the results obtained by our group for the various families of

GaAs dot is reported in figure 2.14 for the reader’s convenience.
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Figure 2.14 Comparison of FSS distribution for pyramidal GaAs quantum dots with different confining barriers
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3 Advanced processing strategies for pyramidal

quantum dots: fabrication of site-controlled 3D

dielectric structures using Electron Beam

Induced Deposition

This chapter covers the applications of the EBID fabrication technique to the
field of solid state quantum light sources we have investigated in conjunction
with Prof. Andrea Di Falco’s group, based at the University of St. Andrews, UK.
It will be presented in the form of the accepted paper we have submitted
reporting our investigation, which has been published on ACS Applied Nano

Materials.

Planar Semiconductor Membranes with Brightness-enhanced Embedded Quantum
Dots via Electron Beam Induced Deposition of 3D Nanostructures: Implications for

Solid State Lighting
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ABSTRACT

The engineering of the surrounding photonic environment is one of the most
successful approaches routinely used to increase light extraction efficiency and tune
the properties of solid state sources of quantum light. However, results achieved so
far have been hampered by the lack of a technology that allows for the
straightforward fabrication of large scale 3D nano- and microfeatures, with very high
resolution and sufficient flexibility in terms of available materials. In this paper we
show that Electron Beam Induced Deposition can be a very promising approach to
solve this issue, as exemplified by the fabrication of Pt and SiO, nanofeatures on a
membrane containing ordered arrays of site-controlled pyramidal quantum dots.
Micro-photoluminescence has been used to compare the emission of the dots before
and after the deposition of the structures, remarkably showing both a significant
increase in the light extraction efficiency and no degradation of the spectral quality,
implying that negligible damage has been caused to the emitter due to the deposition
process. This paves the way for novel post-growth processing strategies for epitaxial
quantum dots used in both quantum information technologies and lighting

applications.

Introduction

Epitaxially grown semiconductor quantum dots (QDs) have emerged over
the last decade as extremely promising sources of non-classical light! due to
their high quantum vyield, single photon purity and indistinguishability?,
capability of emitting entangled photons via the biexciton-exciton
recombination cascade® and possibility to achieve electrical pumping®>.

However, the high refractive index of the semiconductor host matrix usually
severely limits the brightness of the source due to total internal reflection,
making it incompatible with any of the envisioned practical applications®.
Moreover, the combined requirement to engineer both the properties of the
emitter’ and its interface with the surrounding photonic circuitry® call for

sophisticated fabrication approaches: major milestones have been achieved
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by the community by embedding QDs within micropillar cavities>'%1, 2D
photonic crystals?, photonic nanowires!?, circular Bragg gratings®,
nanotrumpets!4, and by fabrication of site-controlled microlenses>!® on top
of the semiconductor matrix. All of these approaches are usually based on
multi-step  processes that require locating a QD using micro
photoluminescence’*® or cathodoluminescence®, the definition of alignment
marks and the top-down fabrication of the photonic nanostructures via
electron beam lithography: the change of the exposure dose, as its customary
in greyscale lithography, can allow for the fabrication of simple 3D features
such as microlenses, while multi-photon optical lithographic techniques can
create much more complex structures, but at the price of a lower resolution.

It is clear that the limits of the techniques employed so far have prevented
the fabrication of arbitrary 3D micro- and nanostructures in the proximity of
QDs, and new approaches will have to be considered to overcome the current
technological barriers.

In striking contrast with conventional electron beam lithography (EBL),
Electron Beam Induced Deposition'®2! (EBID) is not based on the exposure and
development of an electron-sensitive resist, but is an additive technique that
uses a focused electron beam to promote the decomposition of chemical
precursors inserted in the gas phase within the electron microscope chamber.
By means of 3D scanning of the electron beam, EBID allows for the local
deposition of a target material and the fabrication of complex nanofeatures
while retaining the typical resolution of EBL?%?3, with the additional benefit of
a remarkable flexibility in terms of material choice: both oxides, such as SiO»,
as well as metals, such as Pt?* and Au?>, can be deposited in a single processing
run by interchanging gases. This paves the way for a direct deposition of hard
masks to be used in subsequent dry etching steps, or of plasmonic?® and
dielectric nanostructures aimed at improving light extraction efficiency?’

and/or tailoring of the emitters properties?,
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Here we carry out a study on the possible applications of the EBID technique
for the most widely used starting configuration of an epitaxial quantum dot
sample, that is, a planar semiconductor membrane with embedded quantum
dots, on top of whom we have fabricated several structures with the aim of
studying the effect on the underlying quantum dots. In particular, Platinum
containing structures were fabricated to investigate the possibility of achieving
plasmonic resonance effects, which would however be accompanied by the
introduction of undesirable ohmic losses. Dielectric structures based on SiO2
on the other hand would exhibit a more passive operation, and are expected
to merely improve light extraction without providing any cavity-like effect such
as the shortening of the QD’s lifetime, but without introducing drawbacks.

Sample fabrication

Throughout our work we have used arrays of site-controlled pyramidal

quantum dots?%:3°

which can be easily located using a standard scanning
electron microscope (SEM). However, it should be noted that the obtained
results can be readily extended to self-assembled, and randomly distributed,
Stranski-Krastanov QDs, e.g. by employing the consolidated alignment marks
fabrication approach?®3.

All depositions have been carried out on a sample of InGaAs in GaAs
pyramidal quantum dots, grown via Metal Organic Vapor Phase Epitaxy
(MOVPE) using an Aixtron 200 reactor on a (111)B GaAs substrate, patterned
with inverted tetrahedra using conventional lithography and wet etching in
Br:MeOH. The different decomposition kinetics of the precursors in the
MOVPE reactor ensures that growth takes place preferentially on the three
exposed (111)A GaAs faces of the inverted tetrahedra®!, and an interplay of
kinetics and diffusion of the precursors ensures the deterministic fabrication

of QDs interconnected with a series of quantum wires along the axes of the

tetrahedral, if the thicknesses of the stacked layers are properly chosen.
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For the sample used in this work, first a 180 nm-thick buffer layer was grown
at a temperature of 770 °C, in order to increase the distance of the
nanostructures of interest from the three exposed (111)A faces that were
subjected to chemical etch, then a 75 nm AlAs layer was grown in order to
facilitate the location of the quantum dots in the SEM due to the high contrast
with GaAs. Finally, a series of three stacked Ino25Gao.7sAs quantum dots was
grown at a lower temperature of 730 °C: the first two, grown with a nominal
thickness of 0.4 nm, help stabilizing the environment by trapping charges
generated during optical pumping along with the quantum wires that are
fabricated with them, while the last one is the target QD, and is grown with a
nominal thickness of 0.65 nm to ensure that its emission spectrum does not
overlap with the other ones and will be the dot we will be referring to from
now on.

While the epitaxial growth takes place almost exclusively inside the
lithographically-defined inverted tetrahedra, the post-growth sample still
retains a vestigial recess: in order to move back to the typical geometry used
by the epitaxial QD community that is, a planar sample, a chemo-mechanical
planarization has been carried out3? using a 70 nm silica nanoparticle slurry
(Ultra-Sol 2EX, Eminess Technologies) on a Logitech PM5 polishing machine.
This ensures that the resulting surface is both flat and polished to an
acceptable optical quality, with the QDs lying around 100 nm below the
surface.

The sample was then placed in a Raith E-line plus EBL system for the
fabrication of the nanostructures. In order to investigate the possible
applications of the technique in terms of both depositable material and
shapes, two series of features were fabricated above a series of QDs in this
first deposition run: Pt-containing features were made by inserting the
precursor (Mes)MeCpPt in the chamber, and decomposing it with a deposition

current of 150 pA, accelerating voltage of 3 kV, dose of 1 C/cm?, step size of
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20 nm, and dwelling time of 50ms, with the sample nominally at room
temperature, which is expected to lead to a Pt percentage of 30% in the final
material?4, the rest being made up mostly by carbon. Secondly, SiO> based
structures were fabricated by decomposing the precursor Penta Methyl Cyclo
Penta Siloxane (PMCPS), with a deposition current of 150 pA, accelerating
voltage of 3 kV, dose of 1 C/cm?, step size of 10 nm, and dwelling time of
0.01ms with variable (100-5000) writing loops, again at room temperature.
Chemical analysis performed using EDX spectroscopy with a Quanta 650 SEM
shows the amount of carbon incorporated in the structures to be surprisingly
very low and not detectable with the tool employed. A high purity of the
material is however in line with what previously reported using similar
deposition conditions®®. Typical EDX spectra are reported in the
Supplementary Materials on Table S2 for the reader’s convenience.

A summary of the fabrication procedure employed is reported in figure 3.1.
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Figure 3.1 Representation of the steps in the fabrication of the samples: a) patterning
of the substrate; b) MOVPE growth, organometallic precursors dissociate

preferentially on the three exposed 111A faces; c) planarization; d) EBID growth; e)
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cross section of the structure after MOVPE growth. The QD is formed by enclosing a
thing InGaAs layer between two GaAs barriers. f) EBID precursors PMCPS (left) and
(Me3)MeCpPt (right)

A wide array of shapes, ranging from nanopillar-like adiabatically tapered
waveguides to microlenses was fabricated by exploiting the 3-dimensional
capabilities of the technique and in order to investigate their effects on the
underlying QD. Images of each of the fabricated structures are reported in the
Supplementary Materials as well (figures S1-S5), while some significant ones
are included in figure 3.2 as reference.

Pt alignment marks were also fabricated to allow for an easier location and
identification of the processed QDs in the subsequent micro
photoluminescence (u-PL) measurement stages: these were carried out using
a confocal setup and a helium closed-cycle cryostat that cooled the sample to
a temperature of 8 K. All measurements at this stage were performed under
non-resonant continuous wave excitation conditions with a 635 nm
wavelength laser using a 0.45 numerical aperture objective (Mitutoyo) for light
collection, with an excitation power density of 150 nW/um? for all the

structures.
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Figure 3.2. Integrated CCD counts for the QDs after the fabrication of
nanostructures on top. Control QDs (without any deposited structure) are also

shown for comparison. Insets display some fabricated nanofeatures.

Results and discussion

As can be seen from figure 3.2, nearly every of the fabricated structures
provide a boost of the extraction efficiency when compared to the control
(unprocessed) QDs.

For the three Pt-based nanopillars, (left low corner in Fig. 3.2), it is worth
mentioning no significant change in the lifetime was detected, meaning that a
plasmonic coupling between the quantum emitter and the deposited structure
can be ruled out: this is likely due to the latter’s relatively small Pt content
(around 30% with the used deposition parameters), resonance frequency, as
well as the distance of the buried QD from the surface that prevents efficient
overlapping of the QD’s dipole with the mode sustained by the antenna. As

plasmonic effects have already been achieved using the same deposition
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technique?®, we believe that this unsatisfactory performance can be mostly
ascribed to the planarization technique hereby employed, that provides
limited control over the dot’s final distance from the surface.

Dielectric micro- and nano-features on the other hand have shown remarkable
results, with values of the light extraction efficiency often surpassing the ones
obtained from pyramidal quantum dots using the conventional back-etching
technique (i.e. the conventional approach to obtain apex-up pyramids and
improve extraction efficiency®¥). These structures work by changing the
dielectric environment above the semiconductor, reducing internal reflection
and displaying a waveguiding effect (more pronounced for the pillar-like ones)
that helps not only extracting photons from the surface of the high refractive
index GaAs, but also collecting it with the objective by reducing the angular
distribution of the emitted light.

These results, while already proving the capabilities of this technique, can
hardly be used to reach any general conclusion on the properties of each of
the deposited structures as they do not take into account the differences in
term of blinking and quantum vyield of the QDs they were fabricated onto.
Moreover, the structures themselves, by channeling and focusing light in
different ways, are expected to affect the excitation efficiency of the QD lying
beneath it, thus making the use of the same excitation power a rather naive
approach for a systematic comparison.

In order to address these shortcomings, we have exploited the previously
deposited alignment marks to carry out the mapping of a series of 30 quantum
dots, that were subsequently used for a second run of depositions (Figure 3.3):
this ensured that we were able to quantitatively estimate the effect of the
structures in terms of both light extraction efficiency and changes of the
spectra due to defects or strain created by the deposition itself by comparing
the measurements taken prior and after the in-situ fabrication had been

carried out. Additional care was employed to avoid deposition nonuniformities
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by simplifying the geometry of the structures, which are now simple cones of
different base radii and heights, creating structures that vary from lens-like to
tall pillars: the former are expected to work similarly to solid immersion lenses,
while the latter is assumed to rely on leaking of a guided mode to promote
light extraction In any case, as the structures are deposited on top of the GaAs
layer, they are expected to merely improve the amount of light that leaves the
semiconductor, while phenomena such as Purcell enhancement or re-
direction of the QD’s emission are negligible in this case. Geometrical
parameters were also varied smoothly between the structures in order to both
investigate the presence of trends in the PL enhancement and assess the
reproducibility of the results via comparison of similar structures. To
circumvent the aforementioned problem of different excitation efficiencies
with and without the structures, during the measurements of the second set
of depositions, every QD has been excited close to the saturation level of
ground state-related transitions: the resulting photoluminescence spectra was
composed of several excitonic complexes, the dominant ones typically being
neutral exciton, biexciton, negative and positive trions, excited positive trion
and positively charged biexcitons. Ideally, an identical or very similar spectral
shape was recreated in every case from the corresponding QDs after the
deposition of the nanostructures, indicating the same QD population
conditions. Light extraction enhancement was subsequently calculated as a
ratio of an integrated QD photoluminescence signal post- and prior-
deposition. This technique also allowed for the overcoming of uncertainties
arising due to variations in the experimental conditions, such as a different
focal distance and excitation power.

Furthermore, having already proven the flexibility of the technique in terms of
material choices, we have decided to narrow down the scope of our
investigation to a subset of the previously investigated geometries: we have

thus deposited a series of extruded SiO; structures whose shapes range from
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dome-like to conical to pillar-like, in order to determine the effect of different
base radiuses and heights. Details and images of each of the fabricated
structures are once more included as Supplementary Materials (figures S6-

S10) for the reader’s convenience.

Figure 3.3. Mapping of the sites used for the fabrication of structures above the QDs
and numbers identifying the single structures. The insets show some examples of the

deposited structures. Alignment marks can be seen in the top left corner.

First of all, a comparison of the measurements performed before and after
the deposition (figure 3.4) shows surprisingly negligible changes in the
dominant spectral features, a telltale sign that the deposition technique does
not, in fact, cause significant damage to the quantum dots or to the matrix
they are embedded into. Minor spectral shifts, usually in the order of tens of
peV, can be attributed to either small strains field induced by the structures or
to local temperature variations caused by the different heat distribution and
dissipation in close proximity of the QD once the thermally insulating dielectric

is deposited.
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Figure 3.4. Comparison of the spectra before (bottom) and after (top) the fabrication
of the structures for four randomly chosen QDs, showing negligible spectral shifts

and excitonic distribution.
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Figure 3.5. Enhancement of the brightness for the 30 deposited dielectric
nanostructures with different heights and base widths. Numbers on top of the bars
identify the corresponding structure, whereas the three insets show the shape of the

brightest ones
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The brightness of the sources is clearly increased significantly after the
deposition, up to an order of magnitude or more as can be seen in figure 3.5,
which summarizes the key finding of our investigation. However, the
interpretation of the obtained results is not straightforward: first of all, it can
be noticed that in comparison to the dome-like, low-height structures, the
elongated, tapered features often provide a far more significant boost of the
light extraction efficiency (LEE). Different mechanisms are likely
simultaneously at play and their relative effects difficult to decouple from each
other: it is intuitive that a larger base radius should allow the microstructure
to collect and channel more light that would otherwise be trapped inside the
semiconductor due to total internal reflection. Secondly, the shape of the
microstructure affects, via Fresnel reflection at the interface and adiabatic
coupling, the amount of light that leaves it, as well as the far field of the

radiated light, and thus the final collection efficiency from the objective.

For the low-height, dome-like structures, it is apparent that the LEE depends
more on their base size than on their aspect ratio, as one would intuitively
assume due to their behavior being similar to that of lenses: in this regard, it
comes to no surprise that structure number 1, having the largest base radius,
provides by far the best performance, and one of the best performances
overall. Similar structures such as number 14 and 18 however display a far less
significant enhancement, due to their base radiuses being smaller and thus
collecting less light from the quantum emitter, despite being closer in shape
to a hemispherical lens. Minor displacements from the shape of an ideal micro-
lens, implying that the light is emitted in a broader cone, are likely to be
counterbalanced by the high numerical aperture of the objective.

It is interesting to observe that the remaining, tapered, pillar-like structures
display boosts of the LEE that look relatively constant across a broad set of

geometrical parameters, as clearly seen in figure 3.5, showing remarkably
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coarse fabrication tolerances, albeit only two of them, number 16 and 24,
manage to break the level reached by the best dielectric lens (number 1).
Moreover, they usually perform better than the dome-like structures of similar
base radius: this is clear when comparing for instance structures 14 and 22 or
23, and can probably be ascribed to their ability to efficiently couple light that
propagates along their axes in the free space via their adiabatic tapering, as it
happens with semiconductor nanopillars3>. Surprisingly, however, structures
with a larger base radius and very small aspect ratio (and thus very small
tapering angle), such as number 7 or 13, actually perform worse than those
with a smaller base, and a larger tapering angle.

Structure number 6, that displayed a far more significant boost of the LEE
when compared to the relatively similar structures numbered 5 and 7, was
affected by some fabrication imperfections (figure 3.5) that are likely to cause
a scattering of the light from the tip.This might suggest that the quality of the
latter plays a more fundamental role in determining the performance of these

kind of structures than other geometrical parameters.

FDTD simulations

In order to better understand the effect of geometrical parameters and assess
the impact of the purity of the deposited material on the performance of EBID-
fabricated structures, an extensive simulation work has been performed using
Lumerical FDTD.

In all of our simulations we have assumed the dielectric structure to be conical
in shape, and independently varied its base radius and its height to define a
matrix of 15x15 simulations, while approximating the quantum dot as a dipole
located 150 nm below the GaAs/dielectric interface.

For each of said simulations, the collection efficiency by a 0.45 NA objective
like the one employed in our experiment was estimated via integration of the

far field, and the collection enhancement with respect to the bare GaAs
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substrate was calculated by taking the ratio of the former to collection
efficiency of the latter case, at a wavelength of 860 nm which is typical for our
guantum dots.

Furthermore, we computed the aforementioned matrix 3 times, assuming on
each run a different refractive index for the dielectric in order to evaluate the
impact of carbon impurities: to do so, we estimated the refractive index to be
the weighted average of that of SiO, and graphite, with concentrations of the
latter being of 0, 15 and 30 % for each of the three runs. It should be noted
however that this only provides a very rough estimation of the effects of
Carbon incorporation in the structure, as the latter will likely be bound in Si-O-
C complex whose optical behavior might differ significantly from the one we
are assuming, besides the fact that we are neglecting any porosity in the
material, which will reduce the refractive index. Indeed, the presence of
carbon as contaminant is expected to introduce an imaginary component of
the refractive index, leading to absorption losses within the material. A precise
estimation of the impact of Carbon impurities would require to experimentally
determine the refractive index of the deposited Si-O-C material, for instance
by using ellipsometry, which could not be performed on features as small as
the ones fabricated in the present work.

Regardless of our naive assumption on the relation between refractive index
and stoichiometry of the deposited nanomaterial, our results allow to draw
some general conclusions on the performance of the fabricated
nanostructures with respect to variations of their refractive index.

First of all, by comparing the graphs displayed in figure 3.6, it can be easily
seen that pure silica structures exhibit the best performance, while the
presence of carbon degrades their effectiveness. Taller structures in this case
tend to extract less light, with the LEE reaching a plateau and then decreasing,
a behavior we ascribe to absorption losses incurred during the propagation

through the structure itself: as the imaginary part of the refractive index
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increases, the maximum of the predicted LEE both lowers and progressively

shifts to shorter structures.

This remarks that a control of the purity of the deposited material is of
paramount importance for further photonic applications.
For the pure silica batch of simulations a plateau is not reached for the
investigated geometries: we believe that similarly to what happens with
semiconductor nanowires®®, the tapering angle of the structure plays a key
role in determining the amount of light which is collected by the objective. As
the cone behaves as an adiabatic taper, an increment in the radius of the base
will indeed increase the amount of light funneled into the dielectric structure,
but the fraction which is ultimately collected will drop if the height of the
structure is not increased accordingly. These results agree qualitatively with
the ones of our experimental investigation reported in figure 3.5, where a
similar trend is displayed, and imply that the base radius and height of the

structures cannot be treated as independent parameters for a maximization
of the LEE.
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Figure 3.6 Simulated enhancement of PL collection efficiency for structures with

different sizes and carbon content. From left to right, C incorporation of 0, 15 and 30
%
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Conclusions

In this preliminary investigation, we have shown for the first time that the EBID
technique can be a useful resource for the post-growth processing of epitaxial
guantum dots, by significantly enhancing light extraction from the
semiconductor matrix without causing any degradation in the quality of the
dot and its emission features.

While the overall extraction efficiency hereby achieved by means of the
fabricated nanostructures is definitely below the levels reached by the best
performing semiconductor photonic cavities, the results are promising,
especially in view of the possibility of using the deposited dielectric in
subsequent processing steps as a hard mask for dry etching: this would allow
for instance to fabricate tapered®, or lens-topped, semiconductor nanowires
with unprecedented precision.

More broadly, we believe that the 3D capabilities of the technique, coupled to
its flexibility in terms of material choices, make it extremely attractive to the
semiconductor quantum dot community, where extensive and complex
nanofabrication is often performed on individual quantum emitters: for this
purpose, the lack of damages induced in the processed QDs, as reported in our
work, is of the utmost importance.

From the direct deposition of dielectric masks for dry etching and metal
contacts for electrical nanodevices, to the fabrication of complex structures on
top of the semiconductors to improve light extraction or engineer the
projected far field, we expect EBID to play a significant role in the years to

come in the field of quantum photonics with semiconductor QDs.
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4.Design and fabrication of micro/nanopillars

to increase light extraction efficiency

4.1 Introduction: photonic nanowires

While the deposition of nanostructures via EBID proved to yield significant
improvements to the light extraction efficiency from the semiconductor
matrix, it was well below the level achieved by other groups using
microcavities. Several examples of high-performing ones are reported in the
literature, either in the form of micropillars[1,2] or as 2D photonic crystals[3—
7]: the underlying principle is that when a quantum emitter radiates its power,
the configuration of the surrounding environment dictates in which directions
emission can take place. Micropillars can be easily fabricated via dry etching,
and if the quantum dot is grown between two distributed Bragg reflectors
forming a cavity, in the so-called weak coupling regime, the Purcell effect will
result in a redirection of the dipole emission, as the latter will be coupled to
the only electromagnetic modes available, that is, the ones determined by the
cavity itself. A similar concept is at the root of 2D photonic crystal cavities with

embedded quantum dots.

For Pyramidal quantum dots however, none of these approaches appear
feasible: micropillar cavities require DBRs, whose planarity is not compatible
with 3 dimensional growth profile that characterizes MOVPE fabrication of
PQDs, and while attempts have been made in the past to achieve integration
of PQDs in 2D photonic crystals[8,9], this was achieved by growing dots on
tetrahedral nano-, and not micro-, holes. As the size of the system in that case

is of the same order of magnitude of the adatom diffusion length, the whole
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growth process vyields different results, and while the resulting QDs are far
more suitable for integration in photonic structures defined via electron beam
lithography, they never reached a quality comparable to the one
demonstrated by their larger counterparts, nor the ability to generate

entangled photons.

A different approach to significantly increase extraction efficiency which has
gained considerable interest is represented by photonic nanowires[10-16],
also called nanopillars: in their simplest form, these are semiconductor
cylinders of uniform size, containing a quantum emitter along their axes.
Similarly to what happens for micropillars, if their lateral size is properly
chosen, these structures have the ability to channel the emission of the
guantum source along the axis of the nanowire, suppressing emission in plane.
However, the abrupt termination of the cylinder causes both significant
backreflection of the mode and a significant divergence of the light which is
emitted by the nanowaveguide: both effects are obviously detrimental for
light extraction and collection, but can be significantly reduced by the
termination of the cylinder with an adiabatic taper[17,18]. The gradually
diminishing effective refractive index experienced by the mode during
propagation along the taper allows it to leak out more and more from the
semiconductor waveguide, resulting in a smooth transition into free space

upon finally reaching the tip, as illustrated in figure 4.1.
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Figure 4.1 Comparison of a cylindrically shaped photonic nanowire without a tapered section (left) and with an

adiabatic taper to improve light extraction

Photonic nanowires have been fabricated both via top-down[19] and bottom-
up[20] approaches: the latter is usually a preferable route due to the lack of
surface damage induced during the etching. However, the bottom-up
approach is usually based on a gold catalyzed vapor liquid solid epitaxy which
is, once more, not compatible with the growth mechanism of PQDs: a top-

down approach is instead possible.

4.2 A self-aligning process for fabricating photonic nanowires with pyramidal

guantum dots

Usually, top-down fabrication of photonic nanowires involves a lengthy
process: since quantum emitters are randomly distributed, locating them
using micro-PL is required as a starting point. A hard mask is then patterned
directly above the QD, and an optimized dry etching process is used to
fabricate the nanowire. PQDs have the advantage that the position of the
emitter is known, as they form a well-defined lattice, but the topography of an
as grown PQDs sample also offers some additional engineering opportunities

that allow to skip an additional lithographic step altogether.

After the growth of a typical sample, the filling of the pyramid is far from

complete, and a vestigial recess remains: as the MOVPE growth is symmetrical
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on the three 111A planes, the symmetry of the recess reflects the one of the
original inverted tetrahedral template, which also implies that alignment is
preserved with respect to the quantum dot. If a dielectric layer is conformally
deposited on the sample via sputtering or plasma-enhanced chemical vapor
deposition (PECVD), its topography will once more reflect the 3-dimensional
template. Exposure of the GaAs via CMP will then result in an inverted
tetrahedrally-shaped dielectric mask which will be aligned to the quantum dot,
and that can be used to define a triangular section pillar via a selective and

anisotropic dry etching (fig. 4.2).

c) d)

e)

Dry Etching

Figure 4.2 Micro/nanopillar fabrication process. a) substrate patterning. b) epitaxial growth. c) dielectric

deposition. d) planarization e) dry etching

This is an inherently self-aligning technique: the position of the dot is defined
by the symmetry of the growth template, and the alighnment of the mask is

guaranteed by the conformality of the deposition that mimics it.
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However, the shape of the mask and the position of the epi-layer with respect
to it create a significant problem: as discussed previously, the typical nanowire
structure comprises a straight section which houses the quantum emitter and
defines the operating wavelength of the photonic structure, and a tapered
section that allows to maximize light extraction efficiency: as the dot is located
less than 2 microns below the tip of the mask, there is no room to fabricate
the nanowire directly in a pointing up configuration. The only possibility is to
make an inverted structure with the taper pointing downward, and then

finding a way to invert it.
4.3 FDTD Simulations of photonic nanowires with triangular sections

A pillar fabricated using the proposed approach would have, as discussed in
the previous paragraph, a triangular cross-section: it is obvious that its
behavior might deviate significantly from nanopillars which instead have a
cylindrical one, due to the different rotational symmetry of the waveguide. A
set of simulations was thus performed to assess the impact of geometric
parameters on the confined mode, and whether a mechanism enforcing

directional emission can appear in this case as well.

All of the results that will follow have been obtained by simulating the

structures using Lumerical FDTD.

The first set of simulations carried out was a sweep of the lateral size of a
triangularly-shaped waveguide with a length of 3 microns, using perfectly
matched layers (PMLs) on either side of the waveguide in order to mimic an
infinite one. The QD was approximated as a dipole positioned at the centroid
of the triangular section and initially aligned along the axis of the triangle, and
the power coming out of either end of the waveguide and into the PML was

recorded.
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Figure 4.3 Fraction of dipole power emitted along the longitudinal axis of the waveguide, as a function of
wavelength and lateral size

Results reported in fig. 4.3 clearly indicate that a significant amount of light
can be channeled along the axis of the waveguide, provided a proper size is
chosen: the lower high channeling band corresponds to the first mode
supported by the structure, whereas the second band corresponds to the
second order mode. It is interesting to observe that the waveguide operates
qguite well over a broad range of wavelengths, as seen in figure 4.3 for a lateral
size of 250 nm: this is observed also in cylindrical ones, and makes photonic
nanowires excellent structures for the extraction of entangled photons, since

the two paired photon usually have fairly close emission wavelengths.

Caution is however needed in the interpretation of these results, as the
imaginary component of the refractive index was neglected: this is quite
correct for simulating photons emitted above the absorption threshold of
GaAs at 10 K (820 nm), but obviously implies that our simulations fails to take
into account losses at shorter wavelengths, where attenuation would become
important: this suggest that application of this kind of structure for improving
light extraction is viable for the usual InGaAs dots that operate at around 860

nm, but would be of limited usefulness for the GaAs ones.
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Figure 4.4 Fraction of dipole power emitted along the axis as a function of the wavelength, for a triangular
wavelength of 250 nm lateral size

Moreover, in the case of polarization entangled photons, a different extraction
efficiency for each of the photons composing the pair would affect the quality
of the entanglement: since the waveguide in our case does not have complete
rotational symmetry, it is important to assess the impact of the orientation of

the dipole on the operation of the nanostructure.

To do that, a series of simulations was carried out, rotating the direction of the
dipole of 90 degrees in steps of 10 degrees: results indicate that despite its
asymmetry (or better, C3, only symmetry), the nanowaguide is quite
consistent in its behavior with respect to different polarizations, and its
emission channeling effect remains surprisingly almost constant regardless of
the direction of the emitting dipole (figure 4.5), although the two modes are

obviously quite different, as can be seen in figure 4.6.
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Figure 4.6 Normalized amplitude of the two fields emitted by a dipole. Left: for a dipole axis aligned along the axis
of the triangular section, right: for a dipole direction aligned perpendicular to it (parallel to one of the sides).

Finally, we assess the importance of the tapering angle by simulating the
whole nanopillar structure with a 3 microns long tapered section, terminating
in a flat triangular surface of 60 nm lateral size, while the lateral size of the
straight section containing the dipole was chosen to be 250 nm, in order to
ensure single mode operation at the typical emission wavelengths of our

InGaAs dots (850-870 nm). Two monitors were used to record the power flux:
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one at the interface between the straight and tapered section of the nanopillar
and one 500 nm above the end of the taper. Key results are reported in figure
4.7 (left), where it can be easily seen that the taper is quite effective at
providing a significant power extraction, which reaches 40% at the
wavelengths of interest, and could be increased further by adding a mirror on
the bottom surface of the nanopillar. For comparison, a simulation of the same

structure without the tapered section yields a mere 9% extraction efficiency.
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Figure 4.7 Left: fraction of dipole power injected in the tapered region (red curve) and fraction of power extracted
from the taper (black curve). Right: extracted power from taper for the two orthogonal dipole orientation

Unsurprisingly, the behavior of the tapered photonic nanowire is again
consistent for different polarization states: this stems from the insensitivity to
polarization exhibited by the straight section previously discussed, with the
taper actually reducing the effective refractive index during propagation of the
modes along it, and thus making it even more polarization-insensitive (figure

4.7, right).
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Figure 4.8 Calculated far fields from monitors placed 500 nm above the tip of a tapered nanopillar, for different
wavelengths

On the other hand, simulation of the far fields yield more complex results, and
seem to suggest a rather significant dependence of the latter on the emission
wavelength, as reported in figure 4.8. While this has little impact on the ability
to collect light using objectives as the emission is still quite directional, a far
field which is more complex than a Gaussian/monopolar one might create
problems for the coupling to single mode waveguides, where the amount of
coupled power is dictated by mode-matching conditions, and might require
more stringent fabrication tolerances than when brightness is assumed as the

only figure of merit.

4.4 Dry etching: fundamentals

Wet etching has a large number of advantages, such as a high selectivity, but
when coupled with the unconventional geometry of our samples it severely
limits the kind of post growth processing that can be performed on them. Most
notably, itis very difficult to fabricate vertical structures with high aspect ratios
such as micropillars, or to transfer complex patterns in the semiconductor

material.
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We have already pointed out how polishing of the as-grown PQDs samples
restores a planar geometry, which is the starting point for most semiconductor
processing techniques, but a broadening of the available etching techniques is
required in order to start developing new structures. In the case of nanopillar
fabrication, employing wet etching is hardly an option, and a dry etching

process has to be developed.

Dry etching is the second family of material removal techniques used in
semiconductor technology, which uses a plasma ion bombardment to etch the
material: while several techniques fall under this umbrella name, we will focus
on the most common, which is Inductively Coupled Plasma Reactive lon

Etching (ICP-RIE) and use the two terms interchangeably.

In a typical RIE system, a radiofrequency signal (often 13.56 MHz), is used to
generate and sustain a plasma between two parallel plates in a vacuum
chamber where pressure and gas composition are precisely controlled:
acceleration of the initial free electrons and ions quickly creates an avalanche
effect, as collisions create even more electrons and ions until an equilibrium
state is reached between the generation and recombination of free charges.
Moreover, formation of unstable ions promotes their dissociation into new
highly reactive species, which can either be again ionic in nature, or neutral

radicals (molecules with an unpaired electron), as shown in figure 4.9.
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Figure 4.9 Typical processes happening in a plasma discharge
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The different mobilities of the species in the chamber tend to create a non-
uniform charge distribution: electrons, having a smaller mass than ions,
respond very quickly to the RF field, and introduction of a capacitor in series
to the cathode electrode allows for the buildup of a small negative charge and

the formation of an electric field across the so-called ion sheath (fig. 4.10).

Voltage

Figure 4.10: Sketch of a typical RIE chamber

lons that diffuse from the plasma glow to this region are accelerated by the

electric field toward the cathode, and the sample is placed upon it.

Two different mechanisms concur to the removal of material from the sample:
a physical and a chemical one. They are usually both present at the same time,
although their relative magnitude is dependent on the various parameters
such as pressure, chemical composition of the plasma and magnitude of the

electric field across the sheath.

The physical component of the etching is nothing else than the dislodging of

atoms from the surface due to momentum transfer from the impacting high-
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energy ions: a prime example of this is the use of Argon chemistries, where
Ar* ions bombard the exposed semiconductor. This mechanism usually
implies a low selectivity, as there is little to no discrimination due to the

composition of the sample of the layers being etched.

The chemical component of the etching is related to the interaction of ions
and neutral radicals coming from the plasma with the atoms on the exposed
surface: it is a far more complex mechanism that entails the formation of
volatile compounds (e.g. chlorides of 1llI-V metals), which subsequently diffuse

away from the sample.

Diffusion of
volatile products

® O 0
\. l l .’ l Diffusion ceacﬁon

Physical etching (sputtering) Chemical etching

Figure 4.11 The two process happening simultaneously during dry etching. Left: ballistic dislodging of atoms
from the surface. Right: chemical etching by reactive species via the formation of volatile compounds

A more advanced approach than RIE is ICP-RIE, which allows for an
independent control of plasma density and ion energy by using a series of
independent RF coils for ionization and sustaining of the plasma (figure 4.12):
the plasma itself acts as the secondary of an electric transformer, and strong
currents are created within it by the induced electric field. This allows to
achieve larger plasma densities, and to relax constraints on the table power:
as the latter is no longer the one responsible for sustaining the plasma, smaller
powers can be applied, which in turn imply a smaller electric field across the

ion sheath, and a bombardment of the sample with ions of lower energy.
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Figure 4.12 Sketch of an ICP chamber

The hallmark characteristic of dry etching is undoubtedly the high degree of
anisotropy that can be achieved, while maintaining a low selectivity with
respect to different crystal planes. The choice of the etching chemistry (that is,
the gases introduced within the etch chamber) is obviously dependent on the
material that is to be etched: in the case of our samples, where the bulk of the
material is usually GaAs, this implies the use of Chlorine based chemistries that
use either BCl;, Cl, or both. High selectivities can be achieved with respect to
the mask material by using both hard masks (SiO,) or photopolymers in the

latter role.
4.5 Fabrication of photonic micro/nanopillars: challenges and key results

Top-down fabrication of nanopillars requires an optimized dry etching recipe
that guarantees smooth sidewalls, a precise control of their angle, and a

minimization of the surface damage that, due to the closeness of the quantum
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dots to the pillar’s sidewalls, might degrade the quality of the latter’s emission

due to the creation of a noisier environment.

SiCl, is usually the gas of choice for this kind of fabrication, but it wasn’t
available on our tool, so an alternative process had to be designed: the recipe
| developed was inspired by the result of Volatier et al.[21], who managed to
achieve a good control of the sidewall angle using their BCl5/Cl,/Ar/N, recipe
by changing the amount of nitrogen in the plasma. The mechanism proposed
in their paper to explain the behavior of this specific chemistry for the etching
of GaAs is that N, has a surface passivating effect stemming from its
interaction with volatile products coming from the etching of the Si0, mask,
and thus can be used to tune both the etch rate and the sidewall angle. Several
tests have been performed to assess the impact of etching parameters on the
shape of vertical structures etched on 111B oriented GaAs crystal planes: in
general control of the geometry was achieved by only changing the amount of
N, and platen power (and so, DC bias), while leaving the other parameters
constant: a higher platen power was found to be required during etch steps
with high N, content not only because it allows for a greater verticality due to
the higher DC bias across the ion sheath, but also prevents excessive

deposition of polymer on the sidewalls of the etched nanopillars.

The final recipe used for the fabrication of nanopillars is comprised of 2 steps,
as reported in table 4.1: a first step carried out a higher power/DC bias and N,
content to obtain the straight section of the waveguide, and second step
carried out at lower power and N, content to create a suitable taper. An SEM

image of a typical outcome is reported in figure 4.13.
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Table 4.1 Process parameters used in the fabrication of tapered nanowires

Gas fluxes Platen ICP power | Pressure
(BCI3/CI2/Ar/N2) | (RF) (W) mTorr
(sccm) Power
(W)
Step 1 13/13/13/6 60 600 5
Step 2 13/13/13/5 45 600 5

Choice of the etch times for either step is of paramount importance: for the
first one, because it is desirable to have the dot lying inside the straight section
in order to have the proper photonic mode it could couple to and, more
critically, the second etch step should be terminated so that the pillars are
standing on a tip which is not too large to cause reflections of the mode at the

interface, but not too small so that the pillar falls (see figure 4.13).
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Figure 4.13 example of a successfully etched nanopillar with an inverted taper
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In general, terminating the etching at the right moment is difficult, and since
the polishing step usually introduces a gradient in the size of the masks across
the sample, the loss of some nanopillars should be expected, with the smaller
ones usually falling down once the base of the tapered section becomes too

small to support their own weight.

Nanopillars fabricated in this way (or simply with vertical sidewalls) can be
tested in a micro-PL setup, and indeed performed comparably to, or better
than, back-etched pyramids in terms of light extraction efficiency, while
displaying a greater uniformity than the latter in terms of spectral quality. The
problem is that extracting light from the top is still difficult, as the lack of a
taper causes, as discussed previously, significant reflections and a divergence
of the mode. The problem is further exacerbated by the presence of the
residual recess and of the mask on the side the light is extracted from, which
causes both reflections and scattering, significantly depressing light extraction

and collection efficiencies.

Nevertheless, quite promising results were obtained by using rather large
pillars, of sizes between 1 and 2 um in conjunction with a superhemispherical
(WeierstraR) solid immersion lens to counteract these problems: in this case
the pillars were simply straight, so there was little concern about their ability
to withstand the weight of the lens without breaking. Indeed, the result
represented our record of brightness with InGaAs quantum dots, achieving a
photon count that was more than 10 times higher than the one achieved by

processing the sample using the usual back-etching route.
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Figure 4.14 micro-PL spectrum of a particularly bright micropillar with a solid immersion lens on top

However, the brightness enhancement in this case is merely due to the classic
waveguiding behavior of the pillar, with little to no channeling of the dot’s
emission in a specific mode, and the need to use a solid immersion lens further
remarks that there is a strong scattering of the light at the interface, making
this approach quite difficult for coupling with photonic circuits or a single
mode optical fibre, which would be one of the most important advantages of

nanopillars in the first place.

Finally, it was observed that for micropillars light tends to be quite strongly
polarized when extracted from the recess: this was confirmed by FDTD
simulations and we attribute it to the different boundary conditions at the
interface (i.e. the tetrahedral recess) experienced by dipolar emissions of
different polarizations , which affect the amount of light that is emitted from
the pillar: this would in turn make pillars in the micron range of sizes unsuitable

for extraction of polarization entangled photons.
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4.6 Development of an inversion technique: preliminary results

By far the largest issue affecting the inversion of nanopillars is their inverted
taper geometry that stems from the etching: as discussed before, there is no
way to produce structures directly in a “pointing up” configuration, so that a
way has to be devised to turn them upside down prior to micro-PL
characterization. However, since after the etching they are attached only by
the very small tapered tip that can barely support their own weight, they have
little to no capability to withstand aggressive processing steps: this is in stark
contrast with other nanopillar families, which are attached to the substrate by
the larger base, and can survive encapsulation in an elastomeric layer (e.g.

PDMS) which is then peeled off [20].

Since this is not possible, a more complex process has been devised: first of all,
a rather thick (500 nm) Si;N, is deposited conformally on the nanopillars,
encapsulating them in a hard dielectric layer that can provide structural
support. Then, dry etching is used once more to anisotropically etch the
structures and expose the top of the nanopillars by exploiting a highly selective

0,/SFs chemistry that doesn’t etch GaAs.

The sample is subsequently adhesive-bonded on a carrier substrate, and then
either the pillars are broken off directly at the tip by applying a shear force to
the sample, or a several minutes etch is performed in Buffered Oxide Etchant
(BOE) to remove the Silicon Nitride, leaving them with the larger base firmly
bonded on the carrier and the fragile tip attached to the original GaAs wafer

piece so that it can be easily broken.
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Figure 4.15 left: pillars encapsulated in a Silicon Nitride shell after dry etching end exposure of the top. Right: after
bonding on an adhesive and inversion

This technique is quite complex and has so far been tested only on samples
without quantum dots. It is also still undergoing optimization at the moment,
but we have hope it will eventually lead to a reliable and reproducible

inversion procedure.
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5.Strategies for mitigation of excitonic fine

structure splitting: piezoelectric actuators

5.1 The need of post-growth tuning mechanisms

Pyramidal quantum dots have shown a remarkable capability to be entangled
photon sources: this stems for the symmetry of the dots, which is inherited
from the original tetrahedral template thanks to the growth process: the
reduced shape anisotropy implies a significant reduction of the excitonic fine
structure splitting, which in turn allows for an easier generation of entangled

photons without having to perform time gating[1,2].

However, minor fluctuations in the composition of the barriers, or strain field
introduced during various processing steps, introduce random variations of
the FSS from one dot to another, and while a high density of dots emitting
entangled photons can be achieved[3], a way to increase up to unity both the

yield of emitters and the fidelity of an individual one would be desirable.

Besides the problems related to the generation of entangled photons, small
differences in the emission spectra wavelength between components of a dot
ensemble tend to spoil the site controlled nature of PQDs, and ultimately imply
that dots that have good properties must be looked for, their positions

randomly distributed on the surface of a sample.

It is clear that optimisation of growth conditions can hardly be pushed further,
and a post-growth tuning technique should be developed so that, given a
single quantum dot, its emission spectrum can be shifted as will, and its
symmetry fully restored in order to allow for the generation of entangled

photons.

This has indeed been a very active research area in the community, and several

strategies[4] have been developed to tackle these problems, such as thermal
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annealing[5-7], or the application of external magnetic[8], electric[9], or more
recently, strain fields[10-12]. The latter approach has several advantages,
most notably that fact that it doesn’t cause a reduction of the brightness as

Stark effect would, nor introduces irreversible changes like annealing.

5.2 Strain in semiconductors

Strain is a pervasive effect in semiconductors: growth of materials with
different lattice constants on top of each other will cause a straining, and the
effect is so important that it determines the way the epitaxial material grows
(e.g. Stranski-Krastanov or Volmer-Weber). While strain usually has a negative
connotation, it can indeed be exploited to make self-assembled quantum dots,
and the possibility of using it to tune the properties of semiconductor devices

has given rise to a whole new field called strain engineering.

The effect of strain on the properties of a semiconductor can be intuitively
grasped by thinking of the relationship between the lattice constant and the
most important parameter of a semiconductor, that is, its bandgap: displacing
the atoms from their minimum energy positions can cause an increase of the

bandgap under compressive strain, or its reduction under tensile one.

The situation is obviously more complex in the case of a real semiconductor,
which is a 3 dimensional and anisotropic system: first of all the relationship
between the strain (that is, the deformation), and the stress that caused it (an
applied force) is expected to be a tensor, and secondly different bands will
react in different ways to the applied strain, depending on its direction, often

resulting in a lifting of the degeneracies of band minima.
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5.3 Fabrication of piezoelectric devices for strain tuning

The simplest device that can be built to tune quantum emitters is called a
monolithic piezoelectric actuator: it is usually made of a PMN-PT 001 oriented
membrane with a thickness of 300-500 um onto whom the material containing
the quantum dots is attached using a flip-chip bonder, using either an adhesive
or thermocompressive bonding, although the latter approach has been
determined to be less suitable for strain transfer[13]. PMN-PT (Lead
Magnesium Niobate-Lead Titanate) is chosen because is a material with a high
value for the d;; piezoelectric coefficient, meaning that a 001-oriented
membrane will display a large in plane deformation when subjected to a
longitudinal electric field. In the case of pyramidal QDs this was initially
followed by the usual back-etching procedure to improve light extraction

efficiency, as shown in fig 5.1.

Strain

Back-etching < >

T

Figure 5.1 Fabrication process for a monolithic piezoelectric device. Back-etching is used to expose the tip of the
pyramids in order to increase light extraction

Application of a voltage of hundreds of Volts between the two parallel faces
of the PMN-PT crystal causes a (microscopic) deformation of the latter in the
3 dimensions, thus allowing for the generation and transfer of a biaxial strain

to the attached GaAs membrane, and to the dots contained therein: this in
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turn affects the dot’s confining potential by affecting the band structure of the

[1I-V material, and induces shifts of its emission spectrum.

As there is no way to control the orientation of applied strain, there is little
way to use this approach to tune the fine structure splitting of a specific
guantum dot in a controlled manner. To address this shortcoming, a more
sophisticated version of this device was developed in Prof. Armando Rastelli’s
group in Linz, and in its last and more advanced incarnation is called a six legs

actuator.

Top view Bottom view

Figure 5.2 Sketch of a "six legs" device. Laser-defined cuts in PMN-PT membrane define 6 actuators. The top of
the device is covered in gold to provide a shared ground, while the bottom is patterned to define 6 electrodes

This device is essentially a PMN-PT membrane, again of around 500 pum
thickness, which has been laser-machined in order to have 6 cuts at 60 degrees
with respect to each other, thus defining six triangular areas-the /legs of the
device. Gold is evaporated both on the top side of the device and, with a
shadow mask, on the bottom, thus defining six contacts (fig. 5.2): while the
top side is used as a ground electrode, the bottom electrodes are connected
pairwise, so that when a voltage is applied two opposing legs can apply a
compressive or tensile strain. As the device effectively acts as 3 independent
piezoelectric actuators, it allows full control of the strain magnitude and

direction in plane, and an independent tuning of the spectral shift.
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In a way that is reminiscent of the fabrication of the so-called monolithic
devices, we fabricated the first generation of six legs by bonding with a thin
SU-8 layer a substrate containing the quantum dots to the piezoelectric
material, and performing conventional back-etching. This, however, had some
drawbacks: first of all, the delicate device was subjected to the aggressive
mechanical thinning, but even more importantly there was a fundamental
problem that prevented its correct operation, which had been seen in the

monolithic devices, but became critical in this more complex system.

We have systematically observed, and it has been confirmed by simulations,
that strain tends to relax in vertical structures, causing exposed pyramids to
be much less reactive to the applied strain fields. Even worse, since the back-
etching and the shape of the pyramids are not uniform, the effect of the
applied strain seems to be quite uncontrollable, as the strain at the position of
a specific quantum dot is as much dependent on the way it relaxes as it is on
the directioniitis applied along. In order to circumvent these problems, moving
back to a planar geometry would be the best solution, but comes at the
expense of a much greater fabrication complexity. The conundrum is the
following: bonding the QD substrate in the usual way and not performing a
back-etching does not yield a sufficiently high brightness to do any form of
characterization, even if the wafer is thinned down, but the final chemical
etching is not done to leave the pyramids embedded in the GaAs: indeed, even
exciting the dot buried under several microns of GaAs can be challenging, and
the site-controlled nature of PQDs would be concealed by the inability to see

their positions using imaging systems.

If the substrate is bonded upside down, the thickness of the wafer (around 360
um) prevents strain to be transferred up to the position of the dots, which

would be close to the opposite surface, but light can be extracted more
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efficiently, if the surface has been planarized to get rid of the recess and a solid

immersion lens is used.

The best of both worlds can be achieved by employing the following
procedure: first, a planarized substrate containing the QDs is bonded on a
carrier substrate (GaAs or Silicon) using a PMGI-based resist such as SF19 or
LOR30B. PMGI displays an exceptionally high thermal resistance, which makes
it suitable to withstand the hard cure of the SU8 during the bonding step to
the final device. The substrate is then thinned down to a thickness of only 20-
30 um, and bonded using a flip chip on a six legs device using SU8 as an
adhesive and heating the whole ensemble above the SU8 glass transition
temperature to allow for a complete resist reflow and wetting of the interface.
Finally, the PMGI is removed by immersion in 1165 solvent, which does not
attack (or only etches very slowly) hard-cured SU8, thus allowing for the
removal of the carrier and exposure of the GaAs membrane, with the dots now

located on the upper side.

a) Bonding on carrier b) Wafer thinning

-
P -
- -
I r
L L
c) Bonding on 6 legs d) Carrier lift-off

1 D

Figure 5.3 Sketch of the steps in the preparation of a "six legs" sample
This approach was successful in producing working devices, although the

membrane was quite delicate and prone to breaking during measurements.
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Moreover, not all the leg pairs of the 6 legs device responded in the same way,
with one pair often being much more effective than the others: a behaviour
we ascribe to a bonding issue originating during the resist reflow and to a tilt

in the flip-chip machine used to bond the membrane to the device.

This in turn resulted in a limited ability to use one pair of legs to align the
polarization direction of the excitons to the direction of another pair: a pre-

requisite to fully erase the fine-structure splitting in a controllable way[11,13].

Nevertheless, by using various combinations of the legs actuators, tuning of

the FSS over a relative large range of 10 peV was achieved, as shown in figure

5.4,
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Figure 5.4 Dependence of the FSS for an individual quantum dots under strain tuning, for various voltages applied
to the 3 leg pairs

While these results indicate that a strain tuning is possible, integrating
piezoelectric materials into future quantum photonic platforms is challenging
due to the fact, for example, that they often contain elements such as lead,
which are considered contaminants for clean room environments and usually

require dedicated processing tools. Also, while interesting results have been
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obtained in the fabrications of micro actuators for this purpose[14], it looks

like the technology is not compatible with the coupling to planar waveguides,

unless used in combination with more complex processing techniques such as

photonic wire bonding[15]: a more flexible approach would be desirable.

Indeed, during my PhD | developed an idea which, if proven correct, would

allow to restore entanglement a posteriori using all (electro-)optical

components, which is the topic of the following chapter.
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6.A theoretical proposal for the a-posteriori
mitigation of the effects of excitonic fine
structure splitting

The following chapter describes a different approach for the restoral of
polarization entanglement by manipulation of the relative phase of the
emitted entangled photon pair instead of an erasure of the source’s excitonic
fine structure splitting, and will be presented in the form of the paper we have

submitted reporting our findings.

An intuitive scheme for the restoration of
entanglement for polarization-entangled photons
emitted from quantum dots with non-vanishing fine

structure splitting

SIMONE VAROY, GEDIMINAS JUSKA® AND EMANUELE PELUCCHI?

1  Tyndall National Institute, University College Cork, Dyke Parade, Cork, Republic of Ireland
*Simone.varo@tyndall.ie

Abstract: Generation of polarization-entangled photons from quantum dots via
the biexciton-exciton recombination cascade is complicated by the presence of
an energy splitting between the intermediate excitonic levels, which severely
degrades the quality of the entangled photon source. In this paper we present a
novel, conceptually simple and straightforward proposal for restoring the
entanglement of said source by applying a cascade of time-dependent
operations on the emitted photons. This is in striking contrast with the

techniques usually employed, that act on the quantum emitter itself in order to
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remove the fine structure splitting at its root. The feasibility of the
implementation with current technology is discussed, and the robustness of the
proposed compensation scheme with respect to imperfections of the

experimental apparatus is evaluated via a series of Monte Carlo simulations.

Introduction

Quantum dots (QDs) have emerged as one of the most promising candidates for
on-demand generation of non-classical light, due to their ability to generate
single photons[1-3] and even entangled ones[4—7], especially via the biexciton-

exciton recombination cascade mechanism[8].

The presence of a fine structure splitting (FSS) between the intermediate
excitonic levels[9,10] has been for years the most severe obstacle in the
generation of high quality polarization-entangled photon pairs: in a textbook
example of Noether’s theorem, the degeneracy of the levels is promptly lifted
not only due to shape anisotropy but even because of disorder in the alloy of the
barriers of the dot, or strain and piezoelectrically induced electric fields which
reduce the symmetry of the confinement potential[11]. This causes a residual
FSS to appear even in highly symmetrical dots[12], in spite of significant
improvements in growth techniques that helped to reduce it significantly in

recent years[13-17].

Several approaches have been proposed to tackle this issue at its root[18], i.e.
relying on the application of external tuning mechanisms in the form of the
electric[19] and optical Stark effect[20], and magnetic[21] or strain[22-24]
fields in order to restore the symmetry and remove the source of the problem,
or by annealing of the quantum dot to mitigate the severity of the effect[25].
While several attempts have been made to integrate the most successful of these
solutions on semiconductor platforms in order to achieve compact and scalable
entangled photon sources[24], this usually implies a significant increase in

fabrication complexity, a limited yield in terms of working dots and devices, or
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brings in new problems such as the quenching of the photoluminescence when

electric field tuning is employed.

Most of these attempts undertaken to restore the quality of the emitted entangled
photons, however, start from the assumption that the degradation of the
entanglement properties of the source is an irreversible process, and thus focus
on removing the FSS. A posteriori solutions to mitigate FSS effects after the
photons have been emitted are possible, but only a few proposal in this sense
have emerged so far[26-31] and, to our knowledge, none of them has been
experimentally implemented at the time of this paper being written. Moreover,
it looks like most of these proposals start by identifying the energy difference
of the photons, inherited by the excitonic FSS of the quantum dot, as the issue
to tackle: the underlying assumption is that such a difference makes the two
possible  decay channels of the  biexciton-exciton  cascade
distinguishable[6,28,32,33], thus breaking quantum superpositions in the final
state. Indeed, the idea that the existence of a “which-path” information is the
root of polarization entanglement degradation was widely accepted in the
community in the past, and it would stand to reason in such a framework that
performing a quantum erasure by restoring energy degeneracy of the photons
before any measurement is done would yield perfectly entangled states.
However, the now widely accepted mechanism via which FSS impacts on the
generation of entangled photons via the biexciton-exciton recombination
cascade was later discussed in detail by Stevenson et al. in their seminal
paper[34], and will be briefly recalled in order to establish the theoretical

framework and notation used in the rest of our paper.

Let [ XX> indicate the biexcitonic (electronic) state of the quantum dot, and |
X, >and | X, > the two intermediate excitonic states, with energies E} and
Ey , as shown in figure 6.1. If the emitter is populated with a biexciton (e.g. via
a two-photon resonant pumping scheme), it will decay after a time t, leading to

an exciton-photon entangled state of the form |p> a(|H,, X,, >+|V, X, >),
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where |H,,> and V,, > respectively denote a horizontally and vertically

polarized photon emitted during the biexciton to exciton transition.

Before the completion of the recombination cascade, marked by the exciton to

ground state transition after a temporal delay t,, a different energy of the two

intermediate levels, that is, the presence of an FSS, will lead to a different time
evolution of the excitonic states as per the time-dependent solution of the

Schrédinger equation:

|W(0) >= a(|HyxXy >* elEX=O/M [Vyx Xy >*

ei(E}{*t)/h) (1)

With the resulting phase accumulated in this interval finally transferred to the
two photons state resulting from the overall cascade, which, neglecting global

phase terms can be written as:

|U >= o (|HxxHy > +e! S 2M vy >)
(2)
With |H, >and |V, > being the horizontally and the vertically polarized photons

emitted during this second transition.

As it can be seen, the state is still an entangled one, albeit not the Bell state that
would be produced should the FSS be zero. The random nature of the interval

t, that precedes the recombination of the exciton implies that while the dot

would always emit entangled photon pairs, the state each pair would be
entangled to will be a (different) random one, effectively mimicking, in a
statistical sense, classical light, and making such a source relatively useless for
practical applications should the FSS be sufficiently large to broaden the
distribution of the generated states[35]. Post selection techniques based on time-
gating are possible, and allow the discard of photon pairs generated for longer

values of the recombination time t, where the phase build-up causes a

significant drift of the state from the maximally entangled Bell one: the obvious

downside is that a trade-off has to be reached between the desired level of
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entanglement and the amount of acceptable losses. For instance, sometimes the
fraction of acceptable photons drops to a few percentage points[36] of the

overall emission from the quantum dot.

However, as each emitted state is already an entangled one, the problem of
restoring the quality of the entanglement of the source could be reformulated as
the search for a unitary transformation that merely transforms, a posteriori, any

of these states to a predetermined one, thus removing statistical fluctuations.

As discussed before, most approaches present in the literature have focussed on
shifting the energy of the two polarization states of the emitted photons so that
they become degenerate after the emission. The approach we hereby propose
however, builds directly on the theoretical framework developed by Stevenson
and that we have recalled, and starts by considering the difference in phase and

not in energy between the two excitonic photon states as the issue to tackle.

Results and discussion

Determination of the conditions for entanglement restoral

Let’s assume that both the biexciton and the exciton photons fly across a device
which has the ability to impart a phase which is both different depending on the
polarization and wavelength and changing linearly in time, so that we can write

the phases introduced on either polarization of the photons as:

D, (t)=K, *t+@f D, (t)=K, *t+oy

(3)

D, (t)=K, *t+0 D, (t)=K,, *t+d}

With the various K representing the slopes of the introduced phases for a given

polarization and wavelength of a photon and the ®° terms indicating the
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constant (that is, time independent) phases introduced by the compensation

system.

In general, if we assume the zero of our time scale to correspond with the
initialization of the biexciton, the state resulting from such an operation can be

written as a function of the time intervals t, and t, (with t, and t, being the

random times before the emission of the biexciton and of the exciton photons,

respectively) as:

| H o > e(i*(DHxx o s ) ® | H . > e(i*‘DHX (4t 4ty ) n

(4)

n |Vxx N e(i*‘bvxx (t1+tpropx>< gt ))® |Vx N e(i*q)vx (t1+t2+tpropx o)) *e(i*FSS*tglh)
Where t)* (prop being short for propagation) is the time of flight of the
biexciton (exciton) photon from the quantum dot to the entrance of the

compensation system, and t3** is the time at which the ramping of the

start

differential phases begins. With our choice of the zero of the time scale, we will

thus have that if t) =tJ. , the phase ramp for the biexciton photon will start

when an XX photon emitted at t=0 (immediately after the dot has been excited)

will reach the compensation system .

Substituting relations (3) and collecting all terms we can get an overall state of

the form:
| H XX H X >+ ei(b(t) |VXXVX >’
With

@(t)=(K, —K, +K, —K, )*t+(K, —K, +FTSS)*t2 +

+(Ky, — Ky )™ (6%, —to )+ (KVX — Ky, )*(tx — )+

prop start prop

+(®3XX _Q%XX +®\O/X - ®|0_|X)

From this, conditions so that the phase term no longer depends on random

variables t, and t, can be straightforwardly determined:
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()

(Ku, =K, )==(Ky, =Kyi,)  (6)

If these conditions are met, the final 2 photon state resulting from the quantum
dot emission after the compensation system will always be the same for each
biexciton-exciton photon pair, as all of the other terms depend only on
experimental parameters, such as the time of flight, that are assumed to remain
constant over time: this implies that this residual constant phase term does not
infringe on the resulting degree of entanglement, but merely changes the pure
state all the photons pair will be entangled to, and can be easily compensated

for using an additional static (i.e. non time-dependent) quantum gate.

Figure 6.1 provides a graphical and intuitive representation of the workings of
the scheme we are proposing and of the conditions we have derived, in an ideal
case where the other phase terms are simply assumed to be zero and the ramps
are perfectly synchronized (these hypothesis are not necessary for the scheme
to work, but merely simplify our analysis): condition (6) implies that the phase

differences imparted between the two |H,, H, > and |V,,V, > by the operation

on the biexciton line and that on the exciton line are equal but opposite.
Provided the differential phase ramps are synchronized, the differential phase

introduced on the biexciton photon emitted at t, will be perfectly compensated
when the exciton photon, emitted at t, +t,, crosses the compensation system.

Likewise, condition (5) will ensure that the phase introduced by the evolution
of the state due to the FSS is compensated as well when the exciton photon
crosses the compensation system we have described. This removes the

randomness of the final state.

Notably, one important advantage of this differential compensation approach is
its insensitivity to any jitter present in the system, including those related to the
excitation scheme employed, and to the starting point of the ramps, which as

discussed before would only determine the final entangled state, but not the
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degree of entanglement (concurrence) of the source. Moreover, since all photon
pairs will be transformed to the target state and none discarded, the technique
we are proposing is in principle a lossless one: a major improvement with

respect to time-gating techniques.

Quantum dot Compensation scheme
F——=—==== 1 e e e e e
1 I | :
|[dt > | (L) =1 |®(ty,t2) > | et >
—————U  Rpss(ty) p : Ryx (&1) Ry (t; + t3) |r—
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Figure 6.1 Circuit model representation of the overall temporally-phase evolution in the proposed
compensation scheme: spin precession inside the quantum dot causes the build-up of a phase dependent

on random time t, .After emission, the effect of the scheme on the biexitonic part of the state adds
another phase jump dependent on t; (emission time of the biexciton photon) when the XX photon

crosses the system at time t —t Both phase terms are compensated by the operation of the

prop *
excitonic part of the wavefunction, if the proper conditions are met, when the exciton photon is imparted
an opposite phase at time t, +t, —t . . Note that we have assumed t;(r)f)p =t;(rop =% =t} for

simplicity

We can also observe that from a quantum circuit perspective, the scheme
hitherto proposed is equivalent to a cascade of two temporally-dependent phase
gates, one operating on the biexciton and one operating on the exciton photon:
in this model, the degradation of the entanglement due to the FSS is equivalent

to the action of a phase gate R (t,), which turns what would otherwise be a

perfect Bell state into a random one, |@(t,)) If the conditions we have derived
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are fulfilled, the sequential action of the two phase gates R,, (t,) and R, (t, +t,)

would compensate the effect of the first phase gate, and result in the recovery

of the original Bell state |®*). It should be noted that the scheme (and

subsequent proposed implementation) we are proposing are somewhat similar
to the one suggested by Wang et al. in their paper[30]. Their formalism however
adopted a frequency domain approach, focused on the removal of the energy
difference between the two excitonic photon, and neglected the effect of other,
time-independent phase terms on the outcome state. We believe our approach
to provide a more natural, elegant, physically complete and simple to grasp
picture, which especially in view of its circuit model interpretation could be
easily applied to photonic quantum circuit design. Obviously, however, if one
considers only frequency translation[37], the two can be seen as rather
complementary: in fact, our solution will restore the energy degeneracy as well,
and the two formalisms can be easily reconciled in the framework of signal

theory using the concept of instantaneous angular frequency[38].

If we define the energy scale according to figure 6.2, we will have that:

v _Ex  FSS

=R T R
(7)

h  2h

For an angle modulated wave s(t)=Acos(w,t+3(t))=Acos(®(t)), phase
modulation will introduce an instantaneous angular frequency defined as

do(t)

o (t)= , S0 that in our case, for a signal affected by the ramp, we will
dt
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) (t)=a, + K,

(8)
o (H)=al! +K,

And substituting equation 5 we will have that wy (t)-a; (t)=0, which implies

that the resulting photons will also be degenerate, and that the two approaches
are consistent with each other. Indeed, the resulting state will be entangled in
both polarization and energy, but we stress that, while the two effects (of phase
correction and frequency translation) cannot be decoupled, what is needed to
restore polarization entanglement is exclusively the phase correction, and the
frequency translation should be regarded in principle as a side effect. Our
discussion in the final part of our manuscript (see fig. 6.4) will help clarify that
a simple frequency correction (ref 30) will not in general deliver a state whose

fidelity to the ideal Bell state is unitary.

—_— | Xy > FSS
2h

Ex FSS

— Xy > 7 20

b 4 . 4

10>
Figure 6.2 Graphical representation of the excitonic levels and fine-structure splitting. The zero in the

energy scale is assumed to be the ground state

Proposed implementation and feasibility analysis
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In deriving the conditions that allow to restore the entanglement of the source,
we have not made any assumption on the nature of the system that is supposed
to implement them. It is quite obvious however that a natural realization of such
a scheme could be based on the Pockels effect, as was also proposed in ref. [30]:
a birefringent crystal would introduce a phase difference between polarizations
aligned along the two optical axes, and the application of a transversal external
electric field would allow to tune such a phase difference and change it in time
by modifying the material’s index ellipsoid: electro-optical phase modulators
are indeed devices designed for this specific purpose, and that could be

employed to implement our proposal.

For instance, in the most widely used material, LiNbOs3, the relationship
between the applied field and the variation of the refractive index is described
by the tensor[39]:

0 r22 rlS

0 r-22 r13
el o ©

r, O

I, 0 0

-r, 0 0]

So that variations of the refractive index with the application of an external

electric field can be written, in first approximation, as:
An, =— i Zrik E, (10)

Application of an external field in the z direction will affect the ordinary and
extraordinary refractive indexes in a different way, owing to the different terms
involved in the tensor product, and thus allow for an externally controlled (and

potentially temporally-varying) phase gate.

Once the FSS, which is a property of the dot and can be measured
experimentally is known, the relationship between the slope of the voltage ramp

and the FSS can be easily determined in order to fulfill condition (5), while
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condition (6) can in turn be easily fulfilled by employing two phase modulators
operated with opposite voltage ramps, one affecting the biexciton photon while

the other affects the exciton, as shown in figure 6.3.

=

Va(t)
L |

Figure 6.3 proposed implementation of the compensation scheme using two electo-optic modulators

é(|HH>+E'¢“1) W)

operated in a parallel configuration, as also envisioned by Wang et al.

A travelling wave, velocity matched phase modulator is conveniently

characterized by its half-wave voltage V_ that is, the value of the applied voltage

that induces a phase shift of = on a wave travelling through it. As the electro-

optic coefficients are different for the two axes, we can denote with vV and V'
the values of V_ for a V- and H-polarized wave respectively. The induced phase

shift of a photon wave packet entering the modulator at time t for either

_V() .,

T\/VH
Vﬂ'

polarization can then be easily written as ®"" (t) m

If the voltage is varying linearly in time, we can calculate the slope of induced
phase by trivially taking the time derivative of this expression, and easily

rewrite equation 5 as:

_ L *r :-FTSS to determine the slope of the voltage ramp.

v 1
dt “vY vH

If for instance we consider again a z-cut LiNbOs integrated EOMs, and assume

a V_ of 3 Volts for the TM mode and a 3 times larger a V, for the TE modes,
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we will get a slope of the voltage ramp C;—\t/ of around 2 V/(ns*peV), which

appears to be within the capabilities of modern high frequency EOMs if only a
FSS of a few peV has to be corrected, as it customarily found in dots grown on

high symmetry substrates[13,14].

This implies that the proposed scheme can indeed be implemented with
currently available technology, while advances in electro-optic material
science[40] and integration[41] can pave the way for the development of
compact quantum photonic circuits that perform a similar task and push the

performance much further.

Sensitivity to imperfections of the compensation scheme

In order to estimate the robustness of our approach to imperfections of the setup,
a simple Monte Carlo simulation was performed, generating density matrixes

for different values of the mismatches

_ FSS
h

Awy, = Kvx — Ry,

(11)

Ao, =K, —K, +K, —K,

This was done by first of all assuming that t*% =t and tX =t , thatis, a

prop — ‘start prop —
perfect syncing of the start of the ramp with the laser pulse, and by ignoring

every other constant phase term. By creating random values for variables t, and
t,, a large number of density matrixes was generated and averaged until a

suitable convergence was reached. In all of these simulations we have assumed

a lifetime of the exciton state X of 1 ns, and half of that for the biexciton state,
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as it is often the case for 111-V semiconductor quantum dots, and the FSS was

chosen to be 3 peV (corresponding to a spin precession of around 4.6 Rad/ns).

Figure 6.4 shows the behaviour of the concurrence of the resulting density

matrixes and their fidelity to the Bell state

|D* >:%(|HH>+|VV>):%(|00>+|11>) as a function of the errors Ae, and

Aw,: it can be observed that Aw, has a less severe impact due to the term being
weighted by the random variable t,, which is related to the shorter lifetime of

the biexciton. For comparison, without the compensation scheme applied the
same quantum dot would exhibit a fidelity and concurrence of 0.52 and 0.21

respectively. It can be also noticed that while t, the time that passes between

the excitation of the quantum dot and the emission of the biexciton photon,
plays no role in the level of the entanglement without our compensation scheme,
it becomes important when the latter is applied: this is due to the differential

phase gates being dependenton t, and t, +t,.

Fidelity concurrence
1.000

08605 o JEEEERSTS . O 00 | o773

Aw1 (Rad/ns)
i
g

Aw1 (Rad/ns)

Aw?2 (Rad/ns) Aw2 (Rad/ns)

Figure 6.4 Fidelity (left) and Concurrence (right) of the state obtained after the compensation scheme
for a dot with an FSS of 3 peV, as a function of the errors A@, and Aw, . All of the other time-

independent phase terms are assumed to be 1 for simplicity.

In order to also understand the impact of the constant phase term, a new series
of simulations was performed. In this case, conditions to perfectly restore the

entanglement of the state have been assumed to be fulfilled (Aw, =Aw, =0),

109



and concurrence and fidelity to the states |®* > and |®~ > were calculated as a

function of the time delay 3t=(t,, —t2%r, ) —(trop —ti ) » aain for a quantum dot

having a 3 peV FSS.

As can be seen from figure 6.5, this has no effect on the level of concurrence,
and thus on the degree of entanglement, but it can be exploited to finely tune
the final state which is generated by the application of the compensation

scheme.

—=— fidelity to |d+>
+— fidelity to |®->
—A— concurrence

064

0.4
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0,2

0,0
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Figure 6.5 Fidelity to the Bell states and concurrence of the density matrix obtained after the
compensation scheme as a function of temporal detuning 6t in case of a perfect compensation of the
FSS

In conclusion, we proposed a conceptually simple and intuitive way to

compensate the effects of FSS on entanglement quality.

Conclusions

The scheme we have discussed for restoring the entanglement of photons
emitted from quantum dots using the biexciton-exciton recombination cascade
appears to be quite robust, flexible and powerful, and it appears to be possible
to implement it with currently available technology. As the implementation we
have suggested is based on the repurposing of devices already widely employed
in the (classical) field of information technology and telecommunications, it

represents an elegant solution that could significantly lower infrastructural costs
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associated with a “quantum internet”. This is especially true since in principle
no photon losses are introduced by our approach, which would result result in a
higher bitrate Moreover, by introducing the paradigm shift of a-posteriori
compensation of the effect of the FSS, constraints on the sources that could be
employed for such a purpose are significantly relaxed, and fabrication of
devices integrating semiconductor quantum dots as entangled photon sources

for quantum information processing are simplified.

Methods

Monte Carlo simulations were performed using a custom-written Python code.
Large numbers of density matrixes were generated and averaged until a suitable
convergence was reached, defined as a less than 10° relative change in the

matrix elements from the previous iteration.

Fidelity of the converged density matrixes to any Bell state was calculated as:

2
F =(TI’( \ Ps *p*‘\/pB ))
Where we have used p, and p to indicate the density matrix of the target Bell
state and the one resulting from our simulation, respectively.
Concurrence was calculated using the standard formula:
C(p)=max (0,4 — 4, — A — 4,

With 2, being the square roots of the eigenvalues, in decreasing order, of the

0 0 0 -1
operator R=pXp's, and T = 0 010
0 10 O
-1 00 O
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7.TEM analysis of pyramidal quantum dots

One of the most striking features of pyramidal quantum dots is the fact that,
in the 25 years since they appeared, next to nothing has been obtained in
terms of their morphological characterization, so that very little is known
about their actual shape and composition. Indeed, extensive attempts have
been made to gauge the size of the dot and of the layers grown via MOVPE
within the pyramidal hole by using Atomic Force Microscopy! (AFM): this was
done by cleaving the substrate so that the cleave plane intersected the
pattern, thus allowing to perform cross-sectional analysis. However, results
obtained in this way were rather limited, as the technique employed only
allowed for a 2D scan, and was inherently unable to reconstruct the complex
shape of the dot, let alone its chemical composition. Furthermore, relaxation
of the exposed epi-structure’s surface due to strain resulted in a fundamental
perturbation of the system under investigation, and calls for a less invasive

technique.

While models for the growth on 111A GaAs surfaces have been developed
both for V grooves and inverted pyramidal holes?3, the lack of a direct and
accurate characterization of the dot and its surrounding environment is
obviously a serious issue that hampers development of novel pyramidal
guantum dot families and prevents, for instance, any ab initio calculation of
the dot’s excitonic wavefunctions. Educated guesses can indeed be made on
the profile of the dot’s shape and confining potential, but as discussed in the
Introduction of this thesis, the connection of the dot to a series of surrounding
nanostructures tends to turn this in an exercise in futility due to the inherent
complexity of the system. If, for instance, we consider the InGaAs in GaAs dot
family, the dot itself is connected to at its corners to 3 lateral InGaAs quantum

wires (themselves possibly having a varying Indium content across their
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section) which would be expected to result in a lower confining potential at

the corners.

For the GaAs/AlGaAs family of PQDs, the situation might be even more
complex, as the dot’s vertical confining effect is provided by two vertical
AlGaAs quantum wires, formed by a gradient of the Al content in a plane

perpendicular to the growth axis.

Itis clear that a way to properly investigate the dots is needed. Indeed, in view
of its high resolution, Transmission Electron Microscopy (TEM) would seem

like a good candidate to do so.

7.1 Transmission electron microscopy: basics

In this sub chapter, the basics of Transmission Electron Microscopy (TEM) and
Scanning Transmission Electron Microscopy (STEM) will be covered, in order
to describe the capabilities and limitations of the techniques employed in the
investigation of our samples, and introduce the terminology used in the rest

of the chapter to discuss the obtained results.

As the name implies, TEM is a microscopy technique that relies on the
transmission of an electron beam through a specimen under investigation*.
The use of electrons, which possess a small De Broglie’s wavelength, implies
that a very high resolution can be achieved but, in striking contrast with SEM,
this technique does not produce an image by collecting backscattered or
secondary electrons generated by the interaction of the primary beam with
the specimen, but rather employs a detector which is positioned on the
opposite side of the sample with respect to the electron gun (figure 7.1), and
this allows for much more sophisticated analysis capabilities than a SEM: while
the latter is mostly confined to imaging of surfaces, the former can extrapolate

information about buried structures as well. TEM however is a significantly
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more complex tool, and sample preparation is often a delicate and time-
consuming task: as the information about the specimen is carried by the
electron current passing through the sample, in order to have a sufficient
signal to noise ratio the specimen must be prepared in the form of thin slices
called lamellae less than a hundred nanometers thick, a size comparable with

an electron’s mean free path in the material under investigation.

A STEM (Scanning Transmission Electron Microscope), is a more sophisticated
version still, which uses a beam deflecting apparatus to scan the focused
electron beam across the sample, and instead of simply using an imaging
device such as a CCD forimage reconstruction, boasts a series of detectors that
analyze transmitted electrons, extracting physical information about the voxel
(interaction volume between the beam and specimen) and producing a 2D

map of the sample via raster scanning.

Electron gun
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< .

Condenser
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system
[ | é I Scanning coils

>
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[ U« Annular dark

field detector

Bright field
detector

Figure 7.1 Sketch of a TEM system
Depending on which detector is used in the half space below the sample for
image reconstruction, two types of images can be generated: bright field and

dark field ones.
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Bright field images are generated from transmitted electrons, using a detector
which is located underneath the sample. This is the simplest and most
common image generation technique, where areas of the sample that absorb
or scatter electrons appear darker, while areas with lighter atoms appear

brighter.

Annular dark field images, and high-angle annular dark field images (HAADF)
are generated using, as the name suggests, an annular detector that collects
electrons incoherently scattered at high angles by the interaction with atomic
nuclei in the sample, with the choice of the angle allowing to also reject
electrons that have undergone Bragg (coherent) scattering from crystal
planes. As the scattering cross section is heavily dependent on the atomic
number Z, this imaging mode is particularly suitable to detect heavy atoms
embedded in a matrix of lighter ones. Also, it is a more suitable technique for
the imaging of crystalline structures, and will give rise to bright features in the

HAADF image against a darker background.

HAADF

Figure 7.2 TEM bright and dark field images of a GaAs sample. Individual atoms can be identified
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While imaging modes can provide a qualitative investigation of the chemical
composition of the sample, techniques are available that allow to provide a

quantitative analysis as well. The two most widely used techniques are:

Electron Energy Loss Spectroscopy (EELS). The energy of a photon is difficult
to change via interaction with matter (Compton scattering for instance
becomes significant only at very short wavelengths) but electrons, being
charged particles, readily interact with the electron clouds surrounding atoms.
If we consider an ideally monochromatic electron beam passing through a thin
sample, as it happens in TEM/STEM, it is expected that after having crossed
the sample, the beam will be polychromatic: as both the scattering cross-
sections and energy lost in an individual inelastic scattering event are
dependent on the electron clouds of the atom, that is, on its atomic number,
an electron spectrometer allows to perform a chemical analysis and determine

the composition of the voxel.

Energy-Dispersive X-Ray Spectroscopy (EDX) Interaction of the high energy
electrons of the scanning beam with a core electron of the specimen’s atom
can result in the emission of the latter. The resulting ion would then be in a
high energy excited state which would be short lived, as the missing core
electron will be replaced by one transitioning from the atom’s outer shell: such
a transition would be accompanied by the emission of a photon in the X ray
spectral region, which could in turn be collected by a spectrometer and
provide an identification of the atom it was emitted from. In EDX terminology,
the spectral fingerprint of a given element are its characteristic X Rays. EDX is

sometimes also called Energy Dispersive Spectroscopy (EDS).

The two techniques are rather complementary, both in terms of analyzed
energy spectrum and interaction mechanism: EELS probes how the material is

excited, while EDX extracts information by the way the system relaxes. Also, a
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typical EELS spectrum spans a few KeV, while a typical EDX spectrum spans

tens of KeV.

7.2 Sample preparation techniques: lamellae cutting from back-etched

structures

The first attempts to do TEM on pyramidal quantum dots were carried out by
our collaborators in Belfast either on as grown or back-etched substrates. In
both cases sample preparation involves the deposition on top of the sample
of a thick platinum layer to protect it, followed by the milling of the thin TEM

lamella using a Gallium-ions Focused lon Beam (FIB), as shown in figure 7.3.

Lamellae

\

Figure 7.3 Sketch of the first approach for sample preparation: after deposition of a Pt protective layer, a lamella
is cut using a Focused lon Beam (FIB), either from an as grown sample (left) or a back-etched one (right)

In general, a sufficient contrast can be achieved in a conventional SEM to
clearly identify the individual layers of the epi-structures, which in principle

greatly simplifies the fabrication of a lamella comprising the region of interest.

121



AlGaAs

Ing ,sGaAs (x3)
GaAs spacer

Figure 7.4 left, STEM low resolution image of a lamella, with individual layers clearly distinguishable. Right, high
resolution image of the interface between a GaAs and an AlGaAs layer grown on one of the tetrahedral faces.

Individual atoms can be seen, as can a clear transition between the different layers.

Figures 7.5 and 7.6, display some key results obtained by STEM analysis of
lamellae prepared from back-etched samples. EDX maps clearly show
qualitative elemental distributions and interfaces between various layers, but
significant issues arise when magnification is increased and a quantitative

analysis of the alloy compositions is attempted.

Gallium Aluminium

Indium Arsenic

Figure 7.5 single quantum dot EDX map
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Figure 7.6 a) HAADF image of a lamella cut from a back-etched pyramid. b) Indium atomic concentration in one
of the lateral quantum wells. C) In and Ga atomic fraction obtained via EDX analysis for a triple quantum dot
system, along the scan direction marked in a).

Atypical result is shown in figure 7.6, and was obtained on a sample containing
three stacked quantum dots, with a nominal In concentration of 25%: while
the results are expressed in terms of atomic fraction (so that they must be
doubled in order to give the correct stoichiometry), the detected levels of
Indium are quite small, even more so if compared to the background noise,
and not compatible with the confining effect of the quantum dots, as the
expected bandgap would be larger than the energy of the typical transitions
observed in micro-PL. Interestingly however, and despite the unphysical
results, the three quantum dots produced clearly defined peaks when a linear

scan was performed along the growth axis.

Repeating measurements with lamellae of different sizes or with different
samples did not affect the outcome significantly for quantum dots, while the
analysis of quantum wells yielded slightly better results, especially when the
lamella was cut perpendicularly to the well, but estimations of the In
concentrations still appeared to be quite off with respect to nominal values.

This is quite surprising, as the position of the dot can indeed be seen in both
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bright field and HAADF TEM images, but it looked like either the techniques
employed to investigate its chemical composition were not sensitive enough
to determine it, or the 3 dimensional nature of the system complicated the
matter by creating shadowing effects, as results obtained by scanning the

lateral quantum wells formed on the 111A faces seem to suggest.

Moreover, sample preparation likely did not help, as the cutting of a lamella is
more complex in this case that for a simple, planar epi-structure with rather

uniform layers.

7.3 Advanced sample preparation techniques: cutting of lamellae from

nanopillars

In order to simplify sample preparation, | proposed to switch once more to the
nanopillar geometry, and to add AlAs marker layers above and below the
guantum dot that could help identifying its position: as discussed in the
previous chapters, the fabrication of nanopillars preserves the symmetry of
the original tetrahedral template, and since the final structure has a smaller

size, it should be possible to machine a lamella with a greater precision.

50 nm

Figure 7.7 TEM lamella cut from a nanopillar. Two AlAs marker layers, placed above and below the quantum dot,
help identifying its position
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The approach proved to be successful, and a realistic estimation of the In
concentration in the quantum dot was finally achieved. Whether this is due to
the nanopillar geometry helping to find the correct position to mill the lamella,
or the SiO, mask still present on top of the pillar protecting the structure
during the Ga FIB milling is not clear, but the results speak for themselves: the
atomic concentration implies that the alloy of the dot is In, ,,GaAs, very close
to the nominal composition of 25% Indium. It can also be seen from the scan
performed along the vertical axis that the concentration of In changes rather
smoothly and in an asymmetric way, compatibly with a domed shape created

by the evolution of the growth profile and In diffusion (fig. 7.8).
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Figure 7.8 Top row: color map of elemental concentrations. Bottom: scan of In atomic concentration along the
growth axis at the position of the quantum dot.

It is also surprising that the Al content drops in center of the structure, which
seems to imply that it is quite difficult for it to grow along the 111B direction:
the effect was already qualitatively predicted by growth models3, but its

magnitude is unexpected. This may also explain why the etch stop layer often
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fails to protect the quantum dots when the back-etching procedure is
performed, as AlAs will grow extremely thin along the axis, leading to a faster

etching of the pyramidal tip.

While TEM finally allowed to validate some assumptions about growth models
such as the formation of the lateral quantum wells and the entity of the
segregation effects that leads to the formation of the nanostructures in the
first place, it became clear at this point that the complexity of pyramidal
qguantum dots systems made their characterization via TEM quite challenging.
Multiple crystal planes and different nanostructures surrounding individual
guantum dots render reconstructing the morphology and elemental
distribution significantly difficult, especially in view of the fact that PQDs are
an inherently 3-dimensional system, and TEM always collapses a 3D structure

in a 2D image.

Milling of horizontal lamellae, and their tilting to allow for a proper
tomographic scan is possible®™, albeit quite challenging. Preliminary results in
this sense have already been obtained: in this case a precise location of the
dot in the plane was not necessary for the milling of a lamella, and the use of
nanopillars was deemed unnecessary. As such, after growth of a sample with
multiple quantum dots and its planarization, a horizontal lamella was milled

using only the FIB.

Results from this sample (fig. 7.9) have shown that InGaAs quantum dots have
an hexagonal shape in plane, with a small bulging in the center that appears
to be In-enriched, and is likely to provide the confinement effect. This is a
consistent with results obtained via AFM scan of MOVPE-grown structures in
tetrahedral nanoholes?, where however the size of the structure is comparable
with the adatom diffusion length. A precise estimation of the stoichiometry

was however impossible, as the dot is much thinner than the lamella, and
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measurements of the atomic fraction suffer from an averaging effect from the

large amount of GaAs that makes up the rest of the lamella.

Figure 7.9 Left, HAADF image from a horizontal lamella of a PQD. Right: EDX Indium map

Nevertheless, these results provide some much needed structural information
on PQDs, and in particular the strong segregation effect which has been
observed might be a source of FSS, due to the strong alloying and higher

disorder in its proximity.

While we still have hope that this could give us more information in the future,
| started looking for a different technique that could get rid of the
shortcomings of the TEM altogether, and complement the data so far

collected.

7.4 A different approach: atom probe tomography

Atom Probe Tomography (APT) is indeed a promising candidate, as it allows

for 3D reconstruction of a specimen down to the atomic level®.

127



The technique works by first of all preparing the sample in a needle-like
configuration, with a very sharp tip of a few tens of nm radius. The sample is
placed in ultra high vacuum (UHV) conditions, and atoms are evaporated from
the tip using voltage pulses or a combination of a high voltage bias between
the sample and a counterelectrode, and laser pulses promoting ionic emission.
The highly inhomogeneous electric field generated by an annular electrode
accelerates ions toward a detector and allows for a 2D imaging of the emitted
atom layer, while time-of-flight analysis allows to determine the mass, i.e. the
chemical nature, of the ions. The procedure is repeated for as many times as
needed, exfoliating and scanning the sample one atomic layer at a time for

hundreds of nanometers.

Laser pulse

Local electrode

Specimenﬁ\\)—

| l Detector

Figure 7109 Sketch of a typical APT apparatus. Laser pulses and intense electric fields cause an ablation of the
material. lons are accelerated by a radial electric field, and a detector allows for reconstruction of atomic
distribution

Preparation of the sample involved once more the development of a dedicated
procedure, and the resulting approach is a multi-step process aimed at

fabricating a nanowire containing the quantum dots.
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7.5 Fabrication of samples for APT-first strategy

First of all, as the scan depth in a typical ATP measurement is limited, samples
containing a stack of multiple quantum dots were grown. A thick Cr layer
(around 1 micron) was deposited on the as grown sample to fill up the vestigial
recess and to increase the height of the final pillar. The plan was then to use a
conventional back-etching to subsequently expose the pyramids, and a thick
Silicon Nitride layer was to be deposited to protect the epitaxial layers during
the aggressive milling with the focused ion beam, which could be used to cut
away a nanopillar, while leaving a small tether to hold it in place. Silicon nitride
was then to be removed in a plasma asher using a CF4 chemistry, thus exposing
the GaAs layers, and the FIB was to be used once more to cut away the
fabricated nanowire, and finally attach it to a probe. The final step of sample

preparation involves the sharpening of the nanowire in a high electric field.

b)

Epitaxial layer
GaAs substrate Tungsten probe

Adhesive /

FIB cut

<)

Figure 7.11 Sketch of the first technique developed for sample fabrication. a) a back etched sample is milled
using a fib and the resulting post is attached to a Tungsten probe (b). Finally, an electrosharpening of the milled
pillar is performed to prepare the final needle-like specimen.

However, the thick metal layer caused significant problems during the early
processing steps: its thermal expansion when heated at 150 degrees or more
resulted in a delamination from the adhesive, and caused significant bending

and disuniformity across the sample.
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A better approach, which removes the need to subject the sample to several
thermal cycles is the use of a dry etch process to expose the pyramids: this
required the development of a sufficiently fast selective etching of GaAs over
AlGaAs/AlAs, which can be achieved by employing a BCl;/SF, plasma
chemistry, where the fluorine interacts with the AlGaAs to create an AlF

passivating layer and prevent the damaging of the pyramid.

Indeed, fabrication of samples in this way is possible, and using micro-PL to
assess the impact of this processing approach on the quantum dots indicated
no degradation of the spectral quality, suggesting the dry etching process

tends to introduce negligible surface defects.

Milling the pillar using the FIB was however found to be less straightforward
than expected: even if the tip of the pyramid can be seen in the SEM, the fact
that what is exposed is a 3-dimensional structure caused issues with location
of the exact position where the milling has to be performed, and the need to
remove the adhesive from the bottom of the sample prior to gluing on the APT

tip complicated the overall process.
7.6 Fabrication of samples for APT-direct milling using FIB

A simpler yet more effective approach was found to be the direct milling of
the pillars using the FIB, starting from planarized samples with a Cr protective
layer evaporated upon them: if the sample is not fully polished, a small
vestigial recess is left above the quantum dots and can be used to identify their
positions. Evaporation of a thin (500 nm) layer of Cr doesn’t remove the recess,
but can be an effective protection of the epi-layer underneath if a vertical
milling is performed using Ga ions. An additional advantage in this case is the
possibility of milling a perfectly circular pillar, without any issue related to the
tetrahedral faces of the pyramid, which might avoid further complications
arising from an asymmetric electric field during the final sharpening phase of

the pillar or the analysis of the sample.
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A cylinder was fabricated in this way using the FIB system available in Tyndall,
with a diameter as small as 800 nm, and subsequently transferred onto the
tungsten tip and glued using a Carbon deposition. The final result can be seen

in figure 7.12.

Figure 7.12 APT sample fabricated using FIB milling. Left: sample mounted on a Tungsten probe after final
sharpening. Right: detail of the GaAs milled pillar. The Carbon bonding layer can be seen between the Tungsten
tip and the GaAs pillar

A first batch of samples has been fabricated in this way and has been sent for
APT analysis to CEA-Leti in Grenoble at the time this thesis is being written, as

part of the Ascent project | have recently been awarded.
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4. Conclusions

In the course of my nearly 4 years in Tyndall | have been involved in a broad
series of activities and started quite a few novel research lines, several of
which are still ongoing. Many plans were quite ambitious, aiming to
significantly change the prospective for application of Pyramidal Quantum
Dots in the field of quantum information, and only time will tell whether some
of the work | have started will bear fruits. Indeed, | believe | have significantly
broadened the range of processing techniques available for these kind of dots,
provided for the first time a deeper understanding of the mechanisms
determining light emission from pyramidal structures, and suggested several

ways to improve it.

The development of GaAs dots, to which | have contributed alongside my
colleagues, has paved the way to the possibility of achieving resonant
excitation of the quantum emitter: a fundamental milestone that was
necessary to reach in order to provide a jitter-free population of the
biexcitonic state and high quality spectral emission, although a significant work

lies ahead to achieve a high degree of photon indistinguishability.

In conjunction with Prof. Di Falco’s group we have also demonstrated the
potential of Electron Beam Induced Deposition to the field of solid state
guantum light sources, and paved the way for the fabrication of complex 3D
features on top of individual quantum emitters: we believe that this technique
complements the ones already available to our community due its additive

nature, and expect significant developments in the future..

The fabrication technique | have developed for micro/nanopillars has already
provided us with our own record of extraction efficiency, and for the first time
allowed to fabricate samples suitable for TEM analysis. The latter has finally
given us an insight into the structure and shape of the dots and various

surrounding nanostructures, although much work lies ahead to increase our
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understanding of this system, and we have great hope that the novel approach
which | have suggested, Atom Probe Tomography, will expand the work we

have done so far.

| believe the greatest contribution | have given during my PhD is theoretical
framework | have developed for a posteriori entanglement restoral, which
expands the proposal from Wang et al. by taking into account the effects of
other phase terms originating from imperfections of the setup, and is overall
more intuitive and easy to grasp. | hope one day to see my model confirmed

(or disproved) by experimental evidence.
Future works

FSS tuning: Our preliminary results indicate that tuning of the FSS using
piezoelectric actuators is indeed feasible, but an optimization of the sample
fabrication technique is probably needed to yield reliable devices. This is even
more important now, as the transition to GaAs dots implies working with dots
that have on average a higher FSS, and demands an external mechanism to
generate entangled photons without compromising brightness via post-

selection;

APT of Pyramidal Quantum Dots: Atom Probe Tomography seems to be the

ideal technique to investigate the shape and composition of our quantum
dots. The collaboration | have set up with CEA-LETI might soon provide a

feedback on whether this is the case;

Coupling of micro/nanopillars to waveguides: Interfacing pyramidal quantum

dots with a photonic chip is obviously the next major hurdle. The higher
brightness achieved with the micro and nanostructures that | have developed,
in conjunction with their better far field when compared to the usual pyramids
suggests that this could be a potential route. Novel ways to transfer individual

structures have to be devised, although our results obtained with the Focussed
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lon Beam and its micromanipulators suggest that this tool could be a viable

option.
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1. High resolution images of each of the structures fabricated during the
first set of depositions

1.1.Platinum patterns
All of these patterns have been fabricated using the precursor
(Me3)MeCpPt, and decomposing it with a deposition current of 150 pA,
accelerating voltage of 3 kV, dose of 1 C/cm?, step size of 20 nm, and
dwelling time of 50ms, at room temperature

$4800 1.0kV 9.1mm x50.0k SE(M)

Figure S1: Pt pillars fabricates during the first set of depositions

1.2.Si02 patterns
All of this structuers have been fabricated by decomposing the precursor
Penta Methyl Cyclo Penta Siloxane (PMCPS), with a deposition current
of 150 pA, accelerating voltage of 3 kV, dose of 1 C/cm?, step size of 10
nm, and dwelling time of 0.01ms with variable (100-5000) writing loops
at room temperature

$4800 1.0kV 9.1mm x50.0k SE(M) $4800 1.0kV 9.1mm x35.0k SE(M) $4800 1.0kV 9.1mm x30.0k SE(M)

$4800 1.0kV 14.3mm x30.0k SE(M,LAO) 1.00um i 54800 1.0kV 14.1mm x40.0k SE(M,LAO)

Figure S2 Si-O-C structures fabricated during the first set of depositions from B1 to C3
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54800 1.0kV 14.1mm x35.0k SE(M,LAQ)

$4800 1.0kV 14.4mm x20.0k SE(M) . (0] n 54800 1.0kV 14 4mm x12.0k SE(M)

Figure S3 Si-O-C structures fabricated during the first set of depositions, from D1 to E3

x60.0k SE(M)

14.5mm x

Figure $4 Si-O-C structures fabricated during the first set of depositions, from E4 to G1

00 1.0kV 14.5mm x50.0!

Figure S5 Si-O-C structure fabricated during the first set of depositions, G2
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2. Second set of depositions on previously mapped QDs

All of this depositions are of S102 pillars, deposited using the same conditions
employed for the first series

Table S2 Geometrical parameters of the structures fabricated during the

second set of depositions

s W N =

7

Sample #6 shows irregular pattern due
to the fabrication error. Please check

the SEM image.

576
609
613
620
641
657
647

| h(om) [ sample# | wiom) | h(m) [ sample# | wiom) | ham) |
250 8 49 206 20 285 140

617
904
1200
1530
1700
1650

10
11
12
13

536
566
569
576
588

530
810
1070
1310
1450

21
22
23
24
25

341
357
361
373
376

283
391
511
673
749

[ sample# | _w(om) | _hiom) [ Sample# | winm) | _hom)
14 391 177 26 199 119

15
16
17
18
19

432
481
464
465
476

367
571
793
1020
1070

27
28
29
30

225
261
257
270

KV 11.6mm x30.0k SE(M,LAO)

Figure S6 Si-O-C structures fabricated during the second set of depositions, 1 to 6

146
202
276
338
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3.0kV 11.6mm x M Oum 0 3.0kV v k ) 1.00um

Figure S7 Si-O-C structures fabricated during the second set of depositions, from 7 to 12

v 11.6mm x40.0k SE(M,LAD) R B ]

Figure S8 Si-O-C structures fabricated during the second set of depositions, from 13 to 18
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Figure S9 Si-O-C structures fabricated during the second set of depositions, from 19 to 24

500nm

Figure S10 Si-O-C structures fabricated during the second set of depositions, from 25 to 30
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3. EDX analysis of SiOx structures

EDX analysis was performed on SiOx nanostructures using a Quanta 650 SEM. A
typical spectrum and elemental analysis are included.

Table S3 Results of the EDX analysis. Atomic percentages rounded to the nearest integer

Element | Weight%  Atomic%
oK 19.85 47
SiK 12.45 17
GakK 31.41 17
AsL 36.29 18
0 2 4 B B 10 12
Totals 100.00 Full Scale 5580 cts Cursor: 0.000 ke

Figure S11 EDS spectrum of the analyzed structure
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