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Abstract

Group IlI-V semiconductor nanostructures have emerged as an important material
platform over the past decades for wide-range device implementation in the field of
electronics and optoelectronics. Among them, nanowires (NWs) are particularly
attractive owing to the elastic strain relaxation through their sidewall facets which
allows for the combination of lattice mismatched materials. Hence, optically active IlI-
V materials become compatible with the mature and prevalent Si platform. Moreover,
NWs are ideal for hosting quantum dots (QDs) ensuring their deterministic positioning
and uniformity. This configuration opens the route for sophisticated applications
including single photon emission, a crucial function in quantum information processing.
In addition, another type of nanostructures that has attracted attention is the two-
dimensional nanosheets, whose principal benefit is the band structure tuning from bulk
to 2D by modulation of their thickness. Consequently, they are established as

promising blocks for various optoelectronic devices and applications.

In the current thesis, we reported the growth of self-catalysed AlGaAs NWs
monolithically on Si (111) substrates via solid-source molecular beam epitaxy (MBE).
The self-formation of an Al-rich shell is exhibited, which is thicker at the base and thins
down towards the NW tip, while it demonstrates wide alloy fluctuations. The
predominantly ZB structure presents twin defects and occasional WZ insertions,
further increasing the intricacy of the NWs. The optical probing via photoluminescence

reveals fully tuneable emission with the Al content of the alloy.

Among the morphological variations of AlGaAs NWs, the branched NWs are of
unigue interest. The branching events increase with Al content, while the branches are

confirmed to grow on the NW trunks epitaxially. In addition, complex compositional



distribution in the branches is presented, as Ga-rich stripes along the growth direction
of the branches, attributed to the different nucleation energies on different faces at the
liquid/solid interface of the branch, intersect with Ga-rich stripes perpendicular to them,

deriving from the rotation of the sample during growth.

Moreover, self-catalysed, single GaAs/AlGaAs dot-in-wire structures have been
designed and grown by inserting a short GaAs segment in each AlGaAs NW. The
exhaustive optical probing reveals centrally localized peaks, with a decently narrow
linewidth of roughly 490 peV. The QD emission is comprised of an exciton and a
biexciton transition, while a high degree of polarization is noticed when compared to
the AlGaAs NW-related emission. The above characteristics are important steps

towards achieving single photon emission.

Finally, we optically inspect InAs nanosheets grown via MBE via
photoluminescence measurements. Pristine nanosheets exhibit surface charge via
carrier trapping mechanisms at the surface states, which is suggestive of the “memory
effect”. The impact of sulphur passivation and core/shell configuration on the optical
response of the nanosheets is evaluated. In addition, we fabricated an optoelectronic
memory unit based on pristine INAs nanosheets, adopting a field-effect transistor
configuration, which demonstrates negative photoresponse with good reproducibility

and ultra-low power consumption.



Impact Statement

The growth and characterization of Ill-V semiconductor-based nanostructures has
been a subject of great interest and scientific importance due to its link to a wide range
of research fields. The material platforms available exhibit features which render them
optically active and ideal candidates for various devices and circuit components
including lasers, light-emitting diodes, transistors, solar cells, photodetectors, single
photon sources, entangled photon emitters and biosensors. Hence, their successful
synthesis and characterization are of high importance as they can offer new insights
in the functionality and applicability of devices in the field of optoelectronics and Si
photonics, energy harvesting and quantum information. Besides, the use of molecular
beam epitaxy as the method for the development of the nanostructures demonstrates
several advantages related to the material quality and thus the efficiency of the

fabricated devices.

Furthermore, the monolithic growth of the investigated nanostructures on Si entails
important benefits. This straightforward approach allows for circumvention of
sophisticated techniques and equipment that have been conventionally used to avoid
degradation of material quality. Ergo, the method enables a cost-effective approach

for the synthesis of nanostructures of high material quality.

Importantly, the investigated ternary alloy which is AlGaAs has been reported so far
to be synthesized via the Au-assisted technique. The use Au, albeit beneficial when
compared to other foreign metal catalysts, can cause severe contamination and
degrade the applicability of the structures. On the contrary, in this work AlGaAs
nanowires (NWs) and AlGaAs/GaAs nanowire quantum dots (NWQDs) were

developed via the self-catalysed approach, from Ga droplets alloyed with Al, for the



first time. Hence, the structures are compatible with a variety of applications including
CMOS technologies and drive electronics. Furthermore, the investigation of 2D InAs
nanosheets reveals their importance for optoelectronic memory applications, while the
fabrication of such a unit in a field-effect transistor configuration demonstrates its
advantageous properties including the ultralow power consumption and excellent

reproducibility.

The aforementioned aspects highlight the importance of the current report in
academic research. The results that were reached can be valuable in future works,
such as the self-catalysed approach for the synthesis of nanostructures based on the
important AlGaAs material platform. In addition, the investigation of 3D branched
AlGaAs NWs can be proven significant for energy harvesting applications such as
solar cells and supercapacitors, while the novel structural findings can be exploited for
non-classical light sources. Eventually, the insertion of a single GaAs quantum dot in
the axis of the AIGaAs NWs grown via the self-catalysed method and, which display
good optical properties is highly promising for the realization of single photon sources,

an essential compound for quantum information processing applications.

The experiments conducted and the results presented in the current work can also
have a strong impact in the industrial sector. Specifically, the monolithic integration of
[11-V semiconductors with the mature and vastly explored Si platform is an important
highlight as Si is the predominant material for the fabrication of compounds in the fields
of electronics and optoelectronics. Hence, the above open the route for the on-chip
integration of highly efficient structures without the demand of costly and intricate

technigues and facilities.
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Chapter 1: Introduction

1.1) Background Information on Nanoscale Structures

1.1.1) Introduction to Nanowires

The synthesis and development of nanostructures with at least one dimension in
the nanoscale have resulted in breakthroughs for novel device implementation in the
field of electronics, optoelectronics and bio-applications. Among the different
nanostructures that have been realized, nanowires (NWSs) are particularly intriguing
owing to their unique morphological properties. Their origin is dated back in 1964,
when Ellis and Wagner first developed a novel structure which was named “silicon
nanowhiskers”.[!l Since then, NW growth and fabrication has presented immense
progress and evolution. Particularly, NW realization has been massively increased
over the past two decades by the vast amount of scientific research, focusing on
improved material quality, optimum physical and chemical properties and novel

applicability in functional devices.[24

NWs are 1D columnar shape structures, the radial dimensions of which are typically
in the range of 100 nm or below, whilst the axial length can reach several tens of
micrometres. This characteristic leads to a 2D quantum confinement of the carriers
over the radial dimensions, while they are rendered free to propagate along the NW
axis. One of the most important features is the small footprint of the structures, caused
by the small radial dimensions, which results in elastic strain relaxation along the NW
sidewall surfaces, thus enabling accommodation of materials with large lattice
mismatch.l>¢l The generation of threading dislocations within nanowire structures is
circumvented. Consequently, the range of materials that can be combined is

significantly broadened for applications in various fields, without the need of any

22



sophisticated techniques or equipment.[’] The peculiarity in the columnar shape and
one-dimensionality of NWs also leads to a high light extraction efficiency and
waveguiding properties,l®l rendering them ideal candidates for light-emitting

applications.

On the other hand, among the available platforms for NW fabrication, group IlI-V
semiconductors are optically active and present several advantageous features,
including direct bandgap and high carrier mobility, making them beneficial for
optoelectronic applications. The past years have seen important progress in IlI-V NW
synthesis, such as structures with high phase purity® and hybrid group II-V/IV
core/shell NWs.[1-12] |n addition, 11I-V NWs have been investigated as a platform for
the fabrication of various devices, most notably lasers,['3-17 |ight-emitting diodes
(LEDs),[*8-22 solar cells,[23-27] photodetectorsl?8-32] and field-effect transistors (FETSs).[3%
871 For example, the first report on NW-based lasers from an array of ZnO NWs,
suggested that the 1D nature of the structures leads them to act as Fabry-Perot
cavities.[38 This was further supported by the fact that lasing peaks were observed in
individual, single NW structures, which interestingly were dependent on the diameter
of the NW, as below a certain critical value laser function was impeded.? The
amplification occurs via light reflection at the NW end facets which propagates through
the gain medium. The reflection occurs as a result of the 2D carrier confinement along
with the diameter of the NWs being in the same order of magnitude as the wavelength
of light, causing reflection at the NW/air interface due to scattering.[*® NWs have
strong waveguide properties deriving from their morphological uniqueness which
renders them ideal for such applications. Taking into consideration the high refractive
index of 1lI-V semiconductors, NWs based on these material platforms are good

candidates for lasing applications among others. Simultaneously, indirect-bandgap Si
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has been the mainstream platform in information technologies, on which the majority
of electrical and optical circuits are founded, as a result of its cost-efficiency, thermal
conductivity and abundance.*! Ergo, the combination of direct bandgap IlI-V
semiconductors with the mature Si platform has been considered vital for the
realization of on-chip light sources and other devices as well as for the fabrication of
state-of-the-arts photonic circuits. Nevertheless, until recently the large lattice
mismatch of group IlI-V semiconductors with Si impeded their efficient on-chip
integration. This is because the large amount of strain that is formed causes issues
including the formation of threading dislocations that penetrate the 111-V material and
jeopardize the device performance.® The aforementioned challenge, however, can be
effectively addressed by adopting the NW geometry, which allows for the monolithic
integration of 11I-V semiconductors on Si substrates.*?l A characteristic example of a

NW array monolithically grown on Si is depicted in the SEM images of Fig. 1.1.[43]

Figure 1.1: SEM image with 30° tilting of a GaAs NW array monolithically grown on
Si, where the majority of the structures are grown perpendicularly on the substrate

wafer.[43l
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A peculiar category of NWs that presents a wide interest over the potential they
have in future applications is ternary structures, which are composed of an alloy of two
group Il and one group V or two group V and one group Il elements. The basic benefit
of adopting such an intriguing material combination is the fully tuneable bandgap that
can be controlled via modifying the elemental content within the alloy. Thus, an
additional degree of freedom in the structural design of NWs is enabled, whilst the

implementation of such nanostructures in device applications is accelerated. 4

The main factor to control the composition of a ternary alloy is the growth
parameters. It is already well-known that parameters such as the temperature,
elemental flux and V/III ratio are fundamental to the properties of the resulting NWs.
The flexibility in determining the growth parameters has led to tremendous
accomplishments in the realization of ternary NWs with fully tuneable bandgap, which
have been applied in energy harvesting devices such as solar cells[“>#¢l and even the
more challenging water-splitting devices.[*”] Furthermore, ternary NWs have been
effectively used for the fabrication of light-emitting devices, namely lasers!“8-49 and
LEDs[®0-%11 with emission that can be tuned over a broad range of the spectrum
depending on the composition of the alloy. The tunability of the bandgap has also been
important for the development of ternary 111-V NW-based photodetectors with good
performance.?-53 Finally, the high carrier mobility that is observed in ternary IlI-V

alloys is regarded as ideal for the realization of well-functioning high-speed FETs.[5*

55]

Additionally, a significant advantage of ternary NWs is the improved material quality
that they can achieve. The enhanced material quality is an important factor to be taken
into account in nanoscale structures, as formed defects can have a severe impact on
the optoelectronic properties of the NWs, hence jeopardizing the functionality or
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efficiency of the fabricated devices. For instance, it has been proven that defects or
the presence of mixed zinc blende (ZB)/wurtzite (WZ) structural phase can influence
the band structure of NWs and alter their electronic properties.[¢-5" Moreover, defects
can act as non-radiative recombination centres, which drastically reduce the intensity
of the emission deriving from the NWs.[5%8-%1 On the contrary, the introduction of
specific elements in binary alloys can stabilize the phase and improve the material
quality of the crystal. A characteristic example is Sb, the presence of which promotes

pure ZB formation due to its surfactant properties.[60

Furthermore, due to the advanced growth and fabrication techniques, several novel
ternary IllI-V alloys have been exploited as material platforms with the assist of NW
formation. The structures exhibited good properties. Additionally, because of the
effective strain relaxation, the material quality of these NWs is higher when compared
to conventional structures. Characteristic examples of these novel, ternary I11-V alloys
are InGaSb,®1 InPSb,621 GaPSbl63! and AllnP, %4 that demonstrate promising features
for various devices, such as efficient LEDs and lasers. It is important to mention that
most of these structures has been grown only on IlI-V substrates, while reports on
these platforms have been extremely limited, rendering the aforementioned alloys rare
in the existing literature, potentially due to the difficulties associated with their growth.
However, if future works achieve effective transfer of these NWs on Si substrates, it
would be a significant accomplishment towards their efficient implementation in on-

chip applications.
1.1.2) Introduction to Nanowire Quantum Dots
One of the most widely employed nanoscale structures for various applications is

the OD quantum dot (QD), where the carriers are confined in all three dimensions. Due
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to the low dimensions of QDs, the quantum confinement effect is pronounced enabling
the use of these structures for novel applications, including telecommunications,
quantum information processing®>-6¢l and quantum key distribution.l67-681 The most
common growth mode for QD growth has been the Stranski-Krastanov (SK) method.
SK growth is a powerful tool for the realization of QDs of high quality and good
properties. The procedure is driven by strain, stemming from the lattice mismatch in
materials forming matrix and QDs. During the initial steps of the growth, a 2D layer is
formed. This is similar to the Frank-Van der Merwe growth mode, where a layer-by-
layer formation is presented. Nevertheless, there are stark contrasts, since in Frank-
Van der Merwe growth, the adatoms attach to surface sites in order to form layer-by-
layer sequence. On the contrary, in SK growth mode after the layer reaches a critical
thickness, it becomes energetically favourable for 3D islands to nucleate rather than
the layer growth. This step allows for effective release of the strain energy.l6%7% The
accomplishments regarding SK growth mode have been astonishing and QDs grown
via this method are the basis for applications such as solar cells,!"*72 lasers, 73] photon

emittersl’4 and planar LEDs.["]

However, the advances of SK QDs have been marred by two major disadvantages
that hinder their applicability in a wide scale. These are the relatively weak control over
the position and over the uniformity of the dots stemming from the roughness of the
surface. Notably, the fact that the procedure is strain-driven renders control of the
position and size of the dot particularly challenging. Hence, new alternative routes
regarding QD fabrication are imperative. A novel and promising method regarding this
subject is the embedment of QDs inside NWs, forming the so-called nanowire
guantum dots (NWQDs). The resulting structures lead to extended freedom in the

choice of materials combined. The strain relaxes elastically, thus no severe
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dislocations are introduced, signifying those materials can be combined ideally with
no restrictions in terms of their lattice mismatch or their thickness. The basic
requirement for the QD to be formed is to stack a narrower bandgap material axially
during NW elongation, most frequently via controlling the elemental supply in the
growth reactor, thus controlling the position and composition of the dots.[’8] The
colossal achievements of SK QDs and the advantages of NWQDs such as the
deterministic dot position, controllable dot size, large strain tolerance and high light
extraction efficiency induced by the NW geometry, have triggered great interest over
NWQDs which have been employed for numerous devices, such as single photon
emitters,[’7-81 | EDs/®284 and single electron transistors.85>86 Recently, the first
optically pumped NWQD laser, fully functioning at room temperature, has been
presented.l®7] An example of a NWQD schematics is provided in Fig. 1.2 below, based
on the work by Wu et al., who developed GaAs QDs embedded in ternary GaAsP

NWs. 88l

As, P. GaAs/GaAsP Nanowire Dots
Y i Ga Droplets '}

Figure 1.2: Schematic representation of the GaAsP/GaAs NWQDs. The red wafer in

the middle illustrates the QD region, which induces 3D confinement of the carriers.[88l

After having described the basic information and background research on the NWs

and NWQDs it is important to separately discuss a significant difference between
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these structures and bulk materials, which is the crystal phase. This topic will be the

focal point of the following section.
1.1.3) Crystal structure: Zinc Blende and Wurtzite Phase

It is known that, whilst group IlI-V materials are merely crystallized into the ZB
phase, this is not the case for NW structures, which can adopt either the ZB or the WZ
crystal structure. The former is characterized by a cubic shaped atomic arrangement
within the unit cell. On the contrary, WZ crystallization entails the formation of a
hexagonally shaped atomic arrangement of the unit cell. This differentiation leads to
fundamental changes in the electronic properties and optical behaviour of the
structures, which open the route for novel functionalities. It has been suggested that
there is a critical value of diameter for the NW structure, below which it is substantially
more likely for WZ crystallization to occur.!8% In order to interpret this NW peculiarity,
one of the growth mechanisms of such structures has been employed. As will be
described later in the current thesis, one of the methods of NW growth is based on
nucleation of a monolayer occurring at the interface between a liquid catalyst droplet
and the solid material, which comprise the NW. Based on the above, if the nucleus is
formed fully surrounded by the liquid droplet and laterally expanding from there, ZB
formation if favoured.[*%* However, nucleation often occurs at the edge of the liquid
droplet, signifying that the nucleus is partly in contact with the vapor. This is nucleation
at the triple line and in some of these cases WZ formation is favoured.[% For this to
be the case, one condition to be met is a high level of supersaturation while the second
condition is that the interface energy for the WZ layer is smaller than the corresponding
for ZB layer. This has been found to be related to the elemental supply.[4
Consequently, as a result of their growth mechanism NWs can adopt either ZB or WZ
phase, while in several cases the two phases can coexist in the same crystal since the
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NW is comprised after the formation of multiple monolayers at the liquid/solid interface,
each of which could adopt an orientation leading to one of the two different crystal

structures.

Schematic illustrations presenting models of ZB and WZ crystal phases are shown
in Figs. 1.3a-b, respectively.??) As mentioned above, NWs can frequently be
crystallized into a mixed ZB/WZ phase, where the two structures coexist within the
crystal. This is called polytypism and the schematics of such a crystallization is
presented in Fig. 1.3c.Pl As a result, scientific research has also focused on the
controllable tuning of the crystal phase in a single NW structure.?0-92
Characteristically, it has been inferred that at small diameters, the NWs are more likely
to adopt a WZ phase, whilst a gradual transition to ZB crystallization is noticed with
increasing NW diameter.[®? It should also be noted that the NW tip is frequently tailored
to adopt a tapered shape. The angle that this tapering forms at the NW tip has a direct
relation with the crystal phase that will be adopted. Specifically, it has been proposed
that, as the WZ segment facets are vertical to the substrate and the ZB facets can
form an angle, the tilting contributes to the irregular, tapered NW shape.[® Hence, the
ratio of the WZ/ZB segments of a polytypic structure can be indicative of the tapering

angle at the NW tip.[®%
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Figure 1.3: a-b) 3D schematic models of a ZB and a WZ crystal, respectively.[®% c)
Schematic representation of the atomic arrangement in a polytypic crystal with mixed

WZ/ZB phases being shown.°4

The most profound influence of the crystal phase is the impact it has on the NW
electronic properties.??°4 The origin of this impact has not been exhaustively proven
yet but different mechanisms have been suggested. The most dominant interpretation
is the differences that appear in the bandgap of the semiconductors under different
crystal phase. For instance, variations of the band alignment lead to alterations in the
electronic properties and the emission wavelength of the NWs.[9-97] Especially in the
case of polytypic NWs, the most frequently observed case is the formation of a type Il
(staggered) band alignment, with the electrons in the ZB segments and the holes in
the WZ segments. It is noted that this phenomenon can be uplifted when the NW
diameter becomes very narrow.®® That is because the stronger quantum confinement

effect makes the energy level of the valence band minimum in the WZ segments drop
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faster than that of the ZB segments, placing both electrons and holes in the ZB
regions.l°¥! It is also important to point out that in the majority of the cases the bandgap
energy of WZ crystals is effectively larger than the one observed in ZB structures,

hence directly influencing the conductivity and functionality of the NWs.[?9-100]

Besides, other differentiations can be presented as a function of the crystal phase.
For example, it has been concluded that elements adopt different segregation
energies for ZB and WZ phase surfaces.!191-108] Hence, different compositions can be
potentially presented in WZ and ZB phase sections despite the identical conditions of
the nucleation during the growth of nanostructures.l'%! The crystal phase and the

nucleation are also strongly linked,[105-108] a5 different compositions can be adopted.

The connection between composition, nucleation and crystal phase has led to
important advances in synthesis of novel nanostructures. For instance, segregation of
Al at the vertices of the hexagonal AlGaAs shell of 1D NWs caused the formation of
self-assembled quantum dot-like emitters, without the need of further processing
steps, rendering the procedure cost-effective.'%! Furthermore, in our work Ga
segregation was noticed in ZB regions of AlGaAs NW branches. This phase
segregation is driven by the nucleation energy and may provide an alternative route

for obtaining non-classical light-emitters.[*1°

It is significant to underline that, while threading dislocations are not formed due to
the elastic strain relaxation in NW structures, there are other types of crystal defects
that are frequently observed. The most typically noticed defects are stacking faults
and twins. Stacking faults are planar defects which derive from an error occurring in
the pattern of the sequence of atoms. They are most usually formed during crystal

growth. Taking the cubic crystal structures as an example, there are three types of
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layers that are formed, labelled A, B and C. The atoms in the fourth, fifth and sixth
layer are directly above the first, second and third layer, respectively. Hence, the
stacking sequence in a defect-free crystal in this example would be ABCABCABC.
Nevertheless, a stacking fault causes a misplacement of one of the layers that alter
this sequence. The characteristic of stacking faults is that they only extend from one
to three-layer deviations. For instance, the sequence could take the form of
ABCABABCA, where the highlighted part is the stacking fault. The second type of
frequently observed defects are twins, occurring when two crystals share some lattice
points. The twinning is extended leading to an alteration of the entire layer sequence
after the appearance of the original error. For instance, the sequence ABCABCABC
would take the form ABCACBACB, where the twinning occurs at the highlighted part.
The defects are not stationary but present a dynamic nature with their movement

usually being thermally activated.[11]

The above information on the polytypic nature and defects in a NW crystal play in
important role in the structural characterization of NWs, NWQDs and nanosheets and

have been an investigated subject in the experimental part of the current thesis.
1.1.4) Device Applications

As described in the previous sections, the unique properties and morphology of
NWs and NWQDs enable their implementation in a wide range of functional
optoelectronic devices, such as lasers, solar cells, photodetectors, and FETs. NWQDs
are also good candidates for single photon emission, a function that is crucial for

guantum information processing applications.

Regarding the implementation of Ili-V nanostructures for laser fabrication, the key

factor is the morphology of the NW, which has a 1D nature, low radial dimensions,
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small footprint and allows for the carriers to propagate along its axis. The above
indicate that generated light can be guided to one of the ending facets of the NW from
where it can be collected for further measurements or processing after its coupling
with one of the fundamental modes of free space. Light amplification is achieved via
the light being reflected from the ending facets and passing through the gain medium.
From the above, it can be seen that the necessary optical cavity that is required to
obtain stimulated emission is intrinsically formed as a result of the NW geometry.
Group IlI-V semiconductors are ideal candidates for lasers. One of the advantages of
NWs regarding device performance is the circumvention of threading dislocations that
renders growth and device fabrication highly straightforward, as thoroughly explained
earlier. Furthermore, the refractive index of IlI-V semiconductor NWs is intrinsically
high, which is an important aspect for laser fabrication. It is also beneficial that the
cavity is obtained without the need for any costly or sophisticated technique, thus

greatly simplifying the fabrication procedure.

The combination of GaAs/AlGaAs core/shell architecture and its implementation in
nanowire laser fabrication has been systematically reported in literature due to the
interest caused by the negligible lattice mismatch of the two materials. GaAs/AlGaAs
NW lasers have demonstrated good performance at RT.['8 Such lasers have shown
characteristic temperatures of 109 K.[*'2l GaAs/AlGaAs core/shell NWs containing
InGaAs QDs have also been employed for lasing applications.[®7.113] These structures
have exhibited lasing at the near-infrared region, with a threshold of 179 pJ/cm? having
been reported.®7 It is noted that tuning the size of the dots, which can be easily
controlled, directly modulates the wavelength of lasing emission. Moreover, GaAsSb

and InGaAs have been utilized for laser realization.[*411% The exploitation of ternary
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alloys presents the benefit of efficient tunability of the emission wavelength by

controlling their composition.

Another important application is the realization of solar cells. Solar energy is one of
the most promising and attractive renewable energy sources as it is abundant and
environmentally friendly. Hence, its conversion into electric energy is one of the fields
at the frontier of scientific research. Solar cells are units that conduct this conversion,
where light is absorbed by the active material that is employed and as a result electron-
hole pairs are generated. These pairs are separated as a result of the bult-in electric
field. Eventually, current is generated inside the p-n junction, which is essential in such

applications.

Thin film-based solar cells have already been employed for high-efficiency solar
cells, while NWs seem an intriguing architecture for such a function. It is important to
clarify that even though thin film-based solar cells have achieved a high efficiency, the
efficiency of NW-based devices has been significantly lower, reaching 18%.[116] This
is a direct result of the enhanced recombination rate that is inherent in NWs.
Nevertheless, significant progress is being made by ongoing research. This increased
interest is based on the advantageous properties of IlI-V semiconductor NWs which
make them attractive for solar cell fabrication and render imperative the need to

overcome challenges related to the growth and properties of NWs.

Among the properties that are promising for solar cells, the 1D NW nature along
with the high surface-to-volume ratio can significantly increase light absorption.
Another significant advantage is that while light absorption occurs along the axial
direction of the NW, which is typically in the microscale, carrier separation occurs at

the radial dimensions, typically in the nanoscale.l!'”] As a result, the range of the
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materials that can be employed is significantly widened, while demands in terms of
material quality are less stringent, although high-quality materials are anticipated to
exhibit a better performance. The high surface-to-volume ratio ensures the large
surface area that is needed in solar cell fabrication, while the pathway for the carriers
is long, considering that the NW axis is much longer compared to the radial
dimensions. It is interesting to mention that 3D branched NWs demonstrate an
increased surface area and longer pathways for the carriers, which are strongly
suggesting that their implementation in energy harvesting applications is effective.

More details on this vibrant topic will be discussed later in the current chapter.

Particularly, ternary NWs, with a high level of bandgap tunability, are crucial as the
bandgap needs to be small enough to absorb a broad range of the solar spectrum. 4]
Usually, the radial p-i-n junction that is required for the energy conversion is achieved
by opposite doping of the NW core and shell.[*18 For instance, solar cells based on
GaAsP NWs have been effectively fabricated with an efficiency exceeding 10% due
to successful InGaAs surface passivation.!!19 On the other hand, InGaAs NWs have
also been used for solar cell realization, where a most interesting report shows that
after the growth of an InAlAs shell, the short circuit current increases from 4.3 to 10
nA/cm?, while the I-V curves show a lack of S-shape behaviour that highlights the lack

of losses and accentuates their device performance.*®!

Besides, NW-based photodetectors have been reported in the recent past.
Photodetectors are light sensing devices that perform the conversion of the incident
light into current. IlI-V NWs have excellent potential for such devices due to their
advanced optoelectronic properties. Among the different 1lI-V alloys that have been
employed for photodetector fabrication, the most important are antimonides, as they
enable detection of near-infrared or mid-infrared light. Ternary 1lI-V antimonides are
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particularly attractive due to the easy bandgap modulation. For instance, GaAsSb
NWs have been frequently employed for near-infrared light detection, presenting
rectifying behaviour of the I-V curve.b2120 The asymmetric Schottky contacts are
formed as a result of the inhomogeneous Sb distribution and the Sb-related
defects.l'20] Good results have also been reported for InAsSb NW-based
photodetectors with a remarkably low dark current and facilitated fabrication and on-
chip integration.[*?Y Finally, the development of an AlGaAs shell for surface

passivation also led to realization of ensemble NW photodetectors. >3

Moreover, another important contribution of NWs in device implementation is the
fabrication of FETs. This topic has gained vast attention due to the high carrier mobility
of IlI-V semiconductors combined with the prevalent role of FETs in electronics. Most
notably, the aforementioned monolithic integration of IlI-V materials with the mature Si
platform that is the basis for electronic circuits has been a focal point of research.
Among the I1lI-V semiconductors, InGaAs is an attractive ternary alloy for FET
fabrication, owing to the high carrier mobility. Hence, FETs has been fabricated based
on InGaAs NWs after the appropriate metal contact realization, 1221231 demonstrating
n-type conductivity. Moreover, InNnAsSb NWs have been investigated for FET
applicability.% These devices display remarkably low resistivity due to the enhanced
electron mobility upon Sb incorporation,® much higher when compared to pure InAs

NWSs.

Eventually, a prominent role of NWQD structures is their use for single photon
emission, which is a vital requirement for quantum computing applications.
Specifically, quantum information processing is a concept in which the superposition
states of photons are employed in order to transmit the information with enhanced
security. The vital difference between classical computing applications and quantum
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information processing is that while bits can take discrete values, quantum information
bits (qubits) exploit any superposition state. This technology is very promising for a
variety of practical applications, with quantum cryptography being the most notable
example. The main issues that arise with respect to the wide-scale implementation of
guantum computing are technical and relate to the qubit properties. For instance,
qubits should be high in number, easy to read once the information reaches the
terminal, while the cost and maintenance of the devices should be kept low. NWQDs
could address some of the aforementioned challenges, as a result of their potential for
single photon emission, where the polarization of the photon will be the quantum

information that is transmitted.

Single photon emission is the ability of the NWQDs to emit a single photon per
excitation unit. The importance of single photon sources lies in the high brightness and
interconnectivity of the emitted photons.!'?4 What is more, the photons need to be
highly indistinguishable, which means that they must have the same wavelength,
polarization, space and time. Photons emitted by NWQDs can meet the
aforementioned criteria. In order to ascertain single photon generation, the second
order correlation function at zero-time delay (g2(0)) is typically measured. This value
gives the possibility of a second photon being emitted simultaneously. In principle, it
should be kept at low levels, ideally around 0.1*?% In real-time applications and
experiments the criterion to characterize a nanostructure as single photon source is
for g2(0) to be lower than 50%. Although this method provides confirmation of single
photon generation, there are strong indications in PL spectra that can be acquired,
such as the sharp and narrow peak, as single photon sources are more likely to exhibit
linewidths in the low microscale, or polarization measurements. All of the above are

properties that have been exhibited in QDs in the past, with excellent results having
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been reported.[*26-129] For example, GaN QDs have led to g%(0) of 2%, thus exhibiting
excellent antibunching behaviour.[*?”] It is important to point out that NWs do not
inherently act as single photon sources as their emission is frequently characterized
by broadening usually stemming from alloy fluctuations. On the other hand, stacking
single QDs axially in the NWs leads to 3D carrier confinement in the dot region and
the potential of obtaining single photon emission is vastly increased, especially

considering the natural photon antibunching behaviour of QD structures.

Single photon sources have been accomplished in the past via 1lI-V NWQDs. For
example, single crystal phase GaAs QDs embedded in GaAs/AlGaAs core/shell NWs
have presented a second order correlation function of 51%.[13% Even though this value
is marginally higher than the 50% limit for single photon characterization, it shows the
trend of these NWQDs to exhibit antibunching behaviour, which means that potential
improvements on the crystal quality could lead to further reduction of g2(0). Single
GaAs QDs embedded in Au-catalysed AlGaAs NWs have shown excellent
characteristics with a narrow linewidth of 30 peV and g2(0) of 19%!131 Moreover,
GaAsP/GaAs NWQDs have been studied with respect to this function. The results
show a value of g?(0) below 50%, which were further improved upon surface

passivation.©8]

The above practical applications reveal the importance of the examined IlI-V
structures and explain the excessive research that has been devoted to their growth,
development and characterization. Different growth techniques have been adopted in
the past years. This topic will be thoroughly described and analysed in the following

section of the thesis.
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1.2) Growth Methods

1.2.1) Top-down and bottom-up approaches

NWs and NWQDs can be realized via the top-down approach. During this
technique, the 1D NWs are etched down from bulk materials after they are coated with
a mask.l’¥ The main peculiarity of top-down method is the extensive use of
lithography techniques and the employment of either a liquid solution or dry etching.
The problem that arises is related to the quality of the structures, which can be
significantly degraded due to surface roughening during the etching steps. Moreover,
the top-down etched NWs usually exhibit a high proportion of crystal defects owing to
the standard epitaxial growth, including threading dislocations on Si, as the fabrication
is conducted in already-grown bulk material. Nevertheless, this method is still under
investigation and can be considered beneficial as it is compatible with the current thin

film fabrication technique.

Despite the issues related to the high cost of this method and the potential
introduction of threading dislocations, top-down approach is still considered a powerful
tool for NW development, as novel methods can be formulated and adopted aiming to
its improvement. A prototypical example of such a technique is the top-down
fabrication of tapered NWs.[*33] The tapering angle at the NW tip allows for significantly
enhanced light collection efficiency, as it improves the coupling of the transmitted
emission to one of the modes of the space surrounding the NW.[134135] |n the work
cited here, the top-down tapered NWs were obtained via sacrificial gradual etching of
a mask that is composed of Ti and Cr.'33 This sacrificial etching leads to the NW
surface being exposed in steps, creating a tapered profile on the NW tip. The

procedure is elucidated in the following figure (Fig. 1.4).
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based mask. This procedure leads to the realization of a tapering angle in the NW

tlp . [133]

Regarding dot-in-wire structures, successful growth has been accomplished in the
past by the top-down approach. The disadvantages that were mentioned earlier render
it less favourable when compared to other fabrication techniques. Nevertheless,

NWQDs that display good properties have been reported via this method over the past

years.[78.136-137]

The second approach that is widely used is the bottom-up approach that exploits
epitaxial methods such as Metal-Organic Vapor Phase Epitaxy (MOVPE) or Metal-
Organic Chemical Vapor Deposition (MOCVD), Chemical Vapor Deposition (CVD),
Chemical Beam Epitaxy (CBE) and Molecular Beam Epitaxy (MBE). It is noted that for

our experiments we used MBE, while due to the popularity and significance of CVD
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and MOCVD a comparison is provided in chapter 2 of the current thesis, where MBE
growth and facilities are described. The NWs are grown monolithically on the
substrate. The first method belong to this category is selective area growth (SAG). The
NW growth occurs through holes that are patterned on the substrate via the use of a
mask and lithography technigues.[*38 The most profound advantage of this technique
is the high level of uniformity with respect to the NW position and the size distribution,
leading to the formation of highly homogeneous NW arrays.!*39 The basic underlying
principles for SAG are similar to the ones for thin film epitaxy. Nevertheless, the
patterned pitch that is used suppresses growth in the lateral dimensions, allowing only
for perpendicular elongation of the NWs, even though parasitic growth may occur. It
is significant to mention that one of the greatest issues related to the wide-scale
implementation of this technique is the limited understanding to the processes and
parameters that affect the selectivity during material growth. This has been a topic of
scientific interest over the past years.[14% Despite this challenge, the high level of
uniformity acquired via SAG has led to the successful growth of NW arrays, exploited

for devices such as the surround-gated FETs['4Y and LEDs.[142-143]

Regarding bottom-up approach of NWs via the SAG method, several examples of
successful NW realization can be found. For instance, InGaAs nanopillars have been
grown on silicon-on-insulator (SOI) substrates with good potential for nanolaser
fabrication.[244-1461 Moreover, highly homogeneous arrays of AlnP,* InGaP,*4"] and
InGaAs.!'#8 have been successfully realized. Despite the advantage of the good
uniformity, which as stated earlier can be advantageous for device implementation,
literature on SAG is substantially less when compared to VLS growth. This is mainly

attributed to the limited comprehension of the processes that regulate the growth
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mechanism.[!4% This issue has been researched in order to broaden the understanding

of this valuable technique.

One of the most popular methods that is used for the realization of NWs and
NWQDs is the vapor-liquid-solid (VLS) growth. The growth is induced by a catalyst
seed, which can be either a foreign metal (most usually Au) or an element that is also
a NW component. Due to the importance of this method, it will be separately discussed

in the following section.

1.2.2) Vapor-Liquid-Solid Growth Mode: Au-catalysed and Self-catalysed

approaches

The potential material quality-related issues of the top-down fabrication method and
the issues associated with SAG create the need for another alternative in NW growth.
This can be addressed by the second subcategory of bottom-up approach which is the
catalysed growth, where the NW elongation is achieved via catalyst droplets. The
droplets can be either a foreign metal or an element that is already a NW component.
The latter case is called self-catalysed growth mode. This globally accepted growth
mechanism is called vapor-liquid-solid (VLS) growth mode. In VLS method, prior to
the growth, nanoparticles are deposited on the surface of the substrate wafer. These
particles are used as catalyst droplets for the growth process. The most common
foreign metal that is used to compose the nanoparticles is Au. Next, thermal annealing
where the temperature exceeds the melting point of the particles, ensures they transit
into nanodroplets.®! Then the feeding material is supplied and the liquid metal droplet
acts as the material collector. The gas phase molecules are absorbed by the catalyst,
which becomes supersaturated and in order for the chemical balance to be restored,

a layer of solid crystal is nucleated and grows in the liquid/solid interface.®! Nucleation
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usually occurs in the triple-boundary line (TBL) followed by a lateral expansion of the
nucleated island to form a monolayer covering the entire NW/droplet interface.
Usually, that expanded area is predetermined by the size of the droplet and the
interface between the liquid and the solid phases. It is interesting to mention that whilst
nucleation at TBL is assumed, there are cases where nucleation occurs at different
positions, owing to various parameters such as the contact angle between the liquid
and the solid.”® This topic has also been a subject of great interest. The nucleation
and expansion procedure continue until no more precursors are supplied in the
system. The main reason for the choice of Au than other metals is its resistance to
oxidation and its reproducible ability to grow various NWs. On the drawback, the use
of Au often involves severe contamination of the system and NW materials. For
instance, Au diffusion, which is commonly observed, can lead to the formation of deep-
trap levels in the NW material, while Au clusters can be formed on the substrate.l6l The
above render the structures incompatible with CMOS technology applications.[14]
Despite these issues, the Au-catalysed approach is widely adopted, for the growth of

NWSs.

It is interesting to mention that even though Au is the chosen material for the metal
seed in the overwhelming majority of the cases, other materials can also be used. For
instance, an interesting case is the use of Ag as catalysts for the growth of InGaAs
NWs on Si substrates with good results having been reported.> Other examples of
metals that have been used in the past include Sn for the growth of GaSb NWsl[54
and Ni for InAs NWs.[*52l However, the use of metals other than Au for this type of
growth are far from being fully comprehended. As mentioned earlier, the use of Au can
cause problems related to contamination of the nanostructures that renders them

incompatible with CMOS electronics. Nevertheless, the use of Au as catalyst has led
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to triumphs over the realization of NW structures*>3-158l with excellent progress having

been achieved.

The case of self-catalysed growth is fundamentally similar to the metal-assisted
growth. However, the element of which the liquid droplet consists of a component of
the NW itself. For instance, in 1lI-V NW growth the droplet is a group Il element with
Ga and In as the most usual cases.['5%1621 The choice of these elements is based on
their low melting points, which allows them to easily promote VLS growth under the
appropriate conditions. That way contamination is avoided. The nucleation of the
monolayer covering the liquid/solid interface occurs in the same manner as in the case
of Au-catalysed growth.l831 A characteristic schematic representation of the VLS
growth mechanism for the growth of 1D NW structures is presented in Fig. 1.5 below.[]
In addition, numerous reports have been published on the exploitation of self-
catalysed approach as the method for ternary NW realization. [2:47:160.164-166] The growth
of llI-111-V alloys is far more demanding when compared to IlI-V-V alloys, owing to the
high solubility of group Ill atoms in the droplet, in both VLS approaches. This leads to
any alterations between group Ill elements having a strong impact on the chemical
consistency of the droplet. This is the reason why the reports on IlI-IlI-V alloys in

literature remains considerably more limited when compared to I11-V-V alloys.
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Figure 1.5: Schematic representation of the VLS growth mechanism for NW

formation.[®]

In comparison, embedding the QDs in NWs via the bottom-up approach can be
achieved regardless of the growth mode, by merely stacking a narrower bandgap
material axially within the NW. This can be done by carefully controlling the supply of
the feeding materials during the NW elongation. The interfaces between the dot and
the NW should be kept as abrupt as possible. The carriers are confined in the narrower
bandgap region that acts as a QD, which results in radiative recombination usually
occurring in that particular segment.l'67] The emission is later guided by the NW, which
acts as a waveguide, to one of its ending facets. From there it can be collected for
further measurements or processing, after being coupled with one of the fundamental
modes of free space.['® Taking IlI-V NWs as an example, the change from material
A to material B can be conducted either by altering a group Il elementt6%-170 or g

group V element.[*71]

[1I-V NWQD structures have been obtained by the use of Au as a catalyst, with
satisfying results.['721731 However, as mentioned in the previous section, the
contamination induced by the Au nanoparticles acting as catalyst seeds along with the
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major difficulties in post-growth removal of the droplets are the main hazards for the
successful applicability and functionality of the structures developed by this method.
On the other hand, self-catalysed growth mode has been performed in numerous
cases to embed OD dots in 1D NWs.[®8174-175] The procedure of NWQD growth is
similar to the growth of a pure NW ensemble. More specifically, the group Il droplet
acts as a collector for the precursors, and in order for a narrower bandgap material to
be embedded, the supply of elements in the reactor needs to be modified either by
stopping or by introducing an element. In some cases, the lack of an element causes
a chemical imbalance. Thus, for compensation, the supply of other elements is
appropriately tuned as well. This does not require any growth interruption, as this could
lead to roughening of the QD/NW interfaces, that in principle need to be maintained
as sharp as possible. For example, when growing GaAs QDs in the axis of GaAsP
NWs, the QD is formed by stopping the supply of phosphorus. Meanwhile, in order to
compensate for the lack of phosphorus during the QD growth, the pressure of arsenic
is correspondingly adjusted.l®8 That way the chemical balance is sustained at a
suitable level throughout the entire growth. It is highlighted that since the catalyst
droplet is a group lll element acting as both collector and supplier, altering group I
fluxes while ensuring the stability of the growth procedure is far more challenging in
self-catalysed growth. This is attributed to the fact that the component that forms the
droplet needs to be replaced.l’®! On the contrary, group V elements are expected to

leave the droplet almost unaffected due to their low solubility in the group I droplet.[6]

A special mention should be paid to the reservoir effect, a phenomenon that is
observed during the VLS growth of NWs and NWQDs and can degrade the abruptness
of the interface between the different NW regions in NW heterostructures or the NW

and the QD in NWQDs. Ideally, these heterointerfaces need to be maintained sharp
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in the atomic level. However, because some elements from the NW are not entirely
consumed in the droplet, there may be contamination and element intermixing, which
causes shallow interfaces. Moreover, the same phenomenon can be exhibited since
a portion of the adatom contribution may derive from diffusion over the substrate on
the NW sidewalls and not from the direct impingement on the droplet.[*"® The reservoir
effect is presented in both Au-catalysed and self-catalysed approaches of VLS growth
mode. It is noted however that the intrinsic properties of group V adatoms allow for
sharper interfaces and circumvention of the reservoir effect, due to the low group V
solubility in Au or in the group IlI droplet.l”®! So a potential alternative to avoid this issue

would be to alter only group V elements instead of group 11.[177]

After having described the aforementioned growth methods and cited relevant
literature works, it is significant to pay special attention to the strain that can be
developed in NW structures. It was explicitly mentioned in the previous sections of the
thesis that one of the most dominant peculiarities of NW structures is the lack of strain
due to the elastic relaxation occurring along the sidewall facets.[>¢! Some misfit
dislocations may appear at the NW/substrate interface,[*78-180 put the small footprint
of the structure does not leave room for the development of the destructive threading
dislocations that are a main issue in growth that involves buffer layers (i.e. GaAs on

Si).

An architecture regularly employed in ternary NWs is the core/shell configuration.
The growth of a shell surrounding the NW core exhibits significant advantages, the
most prominent of which is surface passivation which reduces non-radiative
recombination traps. Moreover, it protects the core from oxidation.[*81-182] Additionally,
alloy fluctuations in the shell have been exploited as a novel tool for the formation of

self-assembled QDs in this part of the structure that opens new routes in NWQD
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fabrication.[1°?l However, the strain that is induced by the lattice mismatch between the
core and the shell leads to the formation of dislocations and defects at the core/shell
interface, as it is inelastically relaxed.l183-184 This can have a serious influence on the
morphology of the NWs, causing occasional bending or kinking. Two types of strain
may be developed this way: tensile strain and compressive strain. It is noted that
examples of lopsided shells causing severe NW bending to have been reported for
tensile-strained NWs.[185-186] This is well-illustrated in Figures 1.6a-b. The reports on

compressively strained NWs are more limited and mostly focus on binary alloys.[87]

@ Al.n.As  GaAs
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Figure 1.6: a-b) Top-view and front-view, respectively, of schematic representations
for a GaAs NW cladded with an AlinAs shell. The strain between the core and the shell

causes significant NW bending.[188]

Following the description of the basic properties and growth methods of NWs and
NWQDs, we will focus on a peculiar type of 3D NWs that has arisen as a popular
candidate for energy-related applications, called the branched NWs. This will be

analysed in the next section.
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1.3) Branched Nanowires: A Unique Type of Three-Dimensional

Nanowires

Based on the information analysed in the previous sections of the current thesis, it
is conspicuously concluded that NWs and NWQDs are rendered particularly attractive
and promising for large scale fabrication of on-chip, financially accessible devices in a
wide range of scientific fields. However, the increasing demand for excellence in
crystal quality and pioneering design of intricate structures with ameliorated
performance poses an accelerating speed in the necessity for growth optimization and
versatile nanostructures. Following these demands, a significant amount of efforts has
been devoted to the growth of 3D NWSs, composed of one standing part called
backbone or ‘trunk’, which is decorated with single or multiple ‘branches’, forming tree-
like structures. The resulting NWs are referred to as branched NWs and exhibit

increased complexity and versatility in straightforwardly grown nanostructures.

The first report on branches nucleating on a NW trunk was created almost a decade
ago.88 The ZnO NWs of that work presented three-dimensional expansion with
stringent hierarchical features. Since then, research focused on the growth of such
structures by adopting different techniques for the branch nucleation, including
electrodeposition,'89 sequential seeding,°® manipulation of strain'%Y or droplet
confinement.l'®? The advantages of the branched NWs are the large surface area,
elongated optical path and direct transport pathway for the carriers.[**3] These features
render branched NWs ideal for energy harvesting application such as solar cells,
supercapacitors and Li ion batteries.[**3l Furthermore, the reduced reflectivity that they
exhibit causes a radical increase in light absorption.[**3] Branched NWs also have the

potential of exhibiting enhanced luminescence. %4

50



Among the applications that can be realized via branched NWs, energy harvesting
is one of the most prominent. As mentioned earlier, 1D standing NWs hold promise
for implementation in solar energy conversion, due to light absorption occurring along
the axial direction of the NW, while carrier separation occurs across the axis. Hence,
there is flexibility as to the materials that can be employed.['*”] On this regard, 3D
branched NWs pose a more versatile alternative due to several factors. First and
foremost, the increased surface area increases light absorption as there is higher
amount of the semiconductor material to absorb incident light. In addition, the path for

the absorbed light is longer owing to the increased scattering.[117:193]

Besides, the pathway for the carriers remains direct, which means that the branches
can act as “terminals” to the NW backbone or trunk. Since the branches and the trunk
are interconnected, carriers can be easily transported from one branch to another or
to the trunk. The factors of the increased light absorption and collected carrier
transport is vital for energy harvesting applications including solar cells and water
splitting devices.!117:19] Nevertheless, it is important to point out that a necessary
condition for the facilitation of carrier transport is the high quality of the material and
especially the branch/trunk interfaces, which ensures that the structure remains

coherent and branches and trunk are interlinked.

The potential of 3D branched NWs for solar cell fabrication is pronounced
considering the effect of the density of the NW array and the volume of the structure
in the reduction of the reflectance and increase of the light absorption. For instance,
even in Si NWs, the increase of the surface area owing to the forest-like morphology
of the structures led to a reduced light reflectance within the range of 300-1100 nm
and a broad external quantum efficiency of 12% at 690 nm.[%8] |n addition, a report of

InAs branches on InP NW trunks on black Si showed a reduced reflectance and
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increased scattering which was dependent on the NW density.!1%7] The reflectance was
even lower after the addition of the InAs branches indicating that branched NWs can

be effective in their use for solar cells.

The branches are grown on the backbone of the NWs epitaxially, signifying that the
former fully adopt the crystal structure and orientation of the sidewall facets of the NW
trunk. This property has been exploited to realize novel morphologies and
configuration, with a prototypical example being the growth of antimonides in the WZ
phase.['% |t is noted that this has been a challenge due to the surfactant effect of Sb,
which vastly promotes ZB crystal phase. Besides, QDs have been embedded in
branched NWs, with intriguing results having been reported. Specifically, in the work
by Ying Yu et al, QDs were inserted in the branch/trunk junction of GaAs/AlGaAs
core/shell NWs. After optical probing, the structures exhibited narrow peaks, enhanced
intensity of luminescence and exquisitely low second order correlation function,

features that made them ideal for single photon emitting applications.!*%

Representative paradigms of branched NWSs are presented in Figures 1.7a-b. The
NWs present multiple branching events adopting a versatile and highly intricate
morphology. The specific structures were GaP NWs grown via MOVPE with the Au-

assisted technique. [
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Figure 1.7: SEM of a) one branched NW and b) several NWs of the same sample.
The number of branches that nucleated on the NW trunk exceeded 10 forming

nanotrees.1%0]
1.4) llI-V Nanosheets

Apart from the progress that has been made in the subject of NW structures, other
types of nanostructures have also been investigated and inspected. One of the finest
examples is the development of 2D materials in the nanoscale, which exhibit
advantages because of the band gap tuning from bulk to 2D by adequate modulation
of their thickness.[?%?l Those materials are called nanosheets. An advantageous aspect
of 2D materials is the lower contact resistance and channel resistances, which allows
for photogenerated hole-pair separation and is favoured for FET fabrication. Another

application for which these structures have been employed is optoelectronic memory

I1I-V nanosheets have been demonstrated in previous works by employing widely
used binary alloys such as GaAs,[293-205 |nSpl206-207] gand InAs.[200208-209] The most
popular method for the fabrication of high quality 1lI-V nanosheets is SAG.[203-205]

Despite the importance of this technique, there are disadvantages involved that
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require for a more straightforward and versatile alternative. One alternative that has
been applied is the formation of 1lI-V nanosheets directly from 1D NWSs. For instance,
a recent report describes the elemental segregation of an Ag-In alloy which was
exploited for the realization of nanosheets of high structural quality and potential for
light emission.[?°?l The 2D nanosheets can be developed from 1D NW growth via

adequately adjusting the growth parameters.

A crucial parameter that needs to be considered while realizing this type of
nanostructures is the high density of surface states. This is a direct consequence of
the large surface-to-volume ratio, as is the case for NWs. Surface states can have a
powerful impact on the optical properties of the nanosheet-based devices as they act
as carrier traps, which can potentially cause the appearance of the “memory effect”.
One of the reasons that induce the “memory effect”, on which we will focus in chapter
6 of the current thesis, is the charging and discharging of the surface states, as
photogenerated carriers are initially trapped (charging) and later recombine after
subsequent excitations (discharging). It is significant to underline that the “memory
effect” is not necessarily a negative phenomenon. On the contrary, it is crucial in order
to achieve optoelectronic memory applications based on IlI-V nanosheet
structures.?10-2111 However, under its influence, suppression of the light emission is
easy to occur as non-radiative recombination processes take place at the surface
states. Resultingly, the removal of surface states via surface passivation depends on
the application for which the structures are intended and is another factor that needs

to be taken into consideration while designing the 1lI-V nanosheets.

After having introduced and described all the structures that were synthesised and
studied within the frame of the current project, it is important to refer to beneficial and
scientifically valuable previous works that were conducted both outside and in our
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facilities at UCL, related to the subject of NWs and NWQDs. This discussion will be

carried out in the next two sections of this chapter, respectively.

1.5) Previous works on nanowires, nanowire quantum dots and

nanosheets outside UCL

The rich topic of nanoscale structure growth on Si substrates has been a focal point
of extensive research over the past decades. As mentioned earlier, the issue of
monolithic integration of IlI-V semiconductors on Si can be addressed via the
employment of NW or nanosheet configuration. Hence, several works have been
reported regarding the successful growth of such structures. Regarding NW
structures, the most popular binary alloy that has been employed is GaAs owing to its
ability to emit in the near infrared region of the spectrum rendering it ideal for light-
emitting and detecting applications. The above have led to the successful realization
of GaAs NWs based on several growth techniques, including self-catalysed VLS
growth,[?12-214 metal-assisted VLS growth, 561571 and SAG.[?%%] For instance, SAG has
been employed for the fabrication of a GaAs array with varying thicknesses, where it
has been established that thicker NWs tend to adopt WZ phase and thinner NWs are
mostly ZB, which is in stark contrast with the experimental trends and observations.
They attributed this phenomenon to unexpected surface diffusion of Ga which alters
the contact angles of Ga atoms with the NWs.[?1% Moreover, study of self-catalysed
GaAs NWs has shown that modification in V/IlI ratio during growth can alter the size
of the droplet, hence the morphology and orientation of the NWs, which is useful for
the formation of kinked or branched NWSs that can be used in interconnected
networks.l?24l Besides, contact angle between the droplet and the NW or substrate is

also linked to the crystal phase, as very small or very large angles tend to cause ZB
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crystallization.[?'2 Recently, high-quality structures have been achieved with few if any

crystal defects and controllable crystal phase via Be-doping.[?1¢!

On the other hand, the importance of ternary NWs has been underlined earlier in
the current chapter, mostly owing to the bandgap tunability as a result of the alloy
composition. As a result, numerous llI-V ternary NWs have been synthesized using
various growth methods. Among the most important alloys employed is GaAsP due to
its large bandgap tunability between 1.43 eV and 2.24 eV at room temperature. The
realization of such structures has been achieved via MOVPERPl and MBE.[>#4 It has
been shown that /11l ratio is the most vital factor for homogeneous NW growth. while
the content of P is also important since for P percentages over 44% the bandgap
becomes indirect.’!”) Moreover, via controlling the V/IIlI ratio and the growth
temperature, high-quality GaAsP NWs have been obtained, as reduced V/III ratio
promotes ZB formation as opposed to polytypism for elevated values.l?®l This is
particularly important, as twin defects have been established to modify the bandgap
and alter the optical properties of the NWs.[?2"] Another significant ternary alloy has
been AlGaAs, which is also one of the material platforms we used for our experiments
described in chapters 3-5. AlIGaAs has a bandgap between 1.42 eV and 2.16 eV at
room temperature. This means that its emission can be tuned in the red and near
infrared regions of the spectrum, thus rendering it a good candidate for optoelectronic
applications. AlGaAs NWs have been fabricated in the past via Au-catalysed VLS
growth.[219-223] |t is underlined that the catalyst is the major difference with our self-
catalysed VLS approach, as will be discussed extensively in chapter 3 of the thesis.
Besides, AlGaAs has been used as shell surrounding GaAs core NWs, with these
heterostructures exhibiting improved and high quality PL properties, with strong

polarization and much enhanced intensity.[??4-2261 Other high-quality NWs that have
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been fabricated include InGaAs NWs, where surface passivation strongly enhances
PL emission and their high carrier mobility renders them ideal for surround-gated

FETs.54

As described earlier, apart from the optimum properties of NWSs, they are also ideal
as hosts for QDs. It is reminded that among the advantages of NWQDs, deterministic
position and controllable dimensions are the most prominent. Embedding binary 111-V
QDs in ternary IlI-V NWs has been thoroughly explored via various material platforms.
Among the materials combined, particular interest is presented in GaAs QDs
embedded in GaAsP NWs.[88 2271 Specifically, QD emission with very narrow linewidth
of 130 peV at 1.66 eV have been observed.®8 This is promising for non-classical light-
emitting applications and quantum information processing applications. Besides,
AlGaAs NWs are considered very good candidates for hosting GaAs QDs, owing to
the lattice matching of the two platforms, thus minimizing induced strain.?28] The QD
emission can be tuned via altering the size of the dot, while peaks with a narrow
linewidth of 458 peV have been reported in the past.[?28] Further details and

comparison with our grown structures will be provided later in the current thesis.

It has already been analysed that branched NWs offer a versatile alternative route
in NW synthesis, with increased surface area and longer carrier path. Among the high-
quality branched NW structures that have been synthesized particular interest is
presented for InAs branched NWs with a GaAs QD embedded in the trunk/branch
junction, which is intriguing for single photon generation,*®? High quality branched
NWs have been fabricated in the past decade based on different approaches including
InAs branched NWs via droplet confinement,’%d and InSb branched NWs vie
electrodeposition.'8 It is also interesting to notice that the important property of
branches to be epitaxial with respect to the trunk allows for the realization of antimony-
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containing samples crystallized in the WZ phase, which had not been achieved before
under other configurations due to the surfactant property of Sb.!'%! For instance high-

quality InAsSb branched on WZ InAs NW trunks have been reported.[1%]

Eventually, 11I-V 2D nanosheets are structures that have gained interest owing to
the combination of the optically active IlI-V properties and 2D, free-standing nature of
nanosheets, which allow for high-quality, low-defect structures to be fabricated and
facilitate device implementation without the need for sophisticated techniques. Several
alloys have been used for such a purpose including GaAs,[203-205] |[nAs,[200,208-209] gngd
InSh.[206-207] The structural analysis of InAs nanosheets grown via metal-assisted VLS
growth, similar to the ones that we used for our experiments, reveals very low amount
of defects that are effectively suppressed at higher growth temperatures. For example,

while growth at 475°C leads to nanosheets with severe twinning, increase to 505°C

causes a drastic reduction of these twins and drastically leads to high-quality
materials.[?% Apart from VLS growth, SAG has also been employed regularly for the
fabrication of IlI-V nanosheets. Impressively, SAG of GaAs nanosheets has led to
defect-free structures with no twinning or stacking faults. The mechanisms behind this
are still being investigated but the explanation has been twofold; one related to the
effect of temperature and its role in the dynamic nature of the defects and the second
in the selected orientation of patterning which could increase surface energy and

render twin formation less favorable.[203-204]

In the next section, we will focus on the work in our group at UCL and its

contributions to this vibrant scientific field.
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1.6) Previous works on nanowires and nanowire quantum dots at

UCL

In the MBE group at UCL, we have achieved the growth of high-quality NWs and
NWQDs with intriguing properties that have been explored. For the growth procedure,
we use the self-catalysed growth via Ga seeds acting as catalyst droplets. Hence, we
avoid contamination that is induced by external metal nanoparticles. Furthermore,
after the termination of the growth, the droplet can be easily consumed under high
group V flux, which is challenging to achieve at foreign metal-catalysed structures. So
far, we have been able to grow several samples with satisfactory results. First, we
reported on the growth of GaAsP NWs that were monolithically developed on Si
substrates. PL measurements revealed narrow peaks located at 710 nm, even at room
temperature, which suggests good crystal quality of the structures. It is noted that this
was achieved even without the use of surface passivation.[?44229 Besides, the
significance of surface passivation was highlighted by reports on the effect of GaAsP
shell layers surrounding GaAs NWs, which has led to a threefold enhancement of the
PL intensity.[?30 Another material combination that has been explored regarded the
growth of InAs NWs, which were optically probed in a high-wavelength setup slightly
different than the one described above. It has been proven that a record-high 10-fold
enhancement of the PL intensity can be exhibited after the growth of a shell which
provides adequate surface passivation.[?31 Finally, novel hybrid group UI-V/IV
core/shell NWs have been realized, with Ge shells surrounding GaAs NW cores, via

exploiting the twin chamber architecture of our MBE system.[14]

Regarding NWQDs, single GaAs dots have been embedded in GaAsP NWs grown

via the self-catalysed VLS growth mode. The emission deriving from the QD segment
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is confirmed to have a much narrower FWHM and enhanced intensity when compared
to pure NW samples.[88 Additionally, good thermal stability has been acquired,
demonstrating the good structural purity of the structures, with remarkably sharp
interfaces, which is a necessary requirement to achieve good optical response and

higher possibilities for single photon emission.

In the current thesis, we investigated AlGaAs NWs and AlGaAs/GaAs NWQDs
grown via our MBE system. SEM and TEM on the samples enabled us to assess the
morphological and structural properties of the NWs and NWQDs and led to very
interesting findings, exhibiting the good potential of the structures. PL spectra were
obtained by both structures to evaluate how the presence of the dot affects the optical
properties of the NWs and investigate their potential for device implementation.
Besides, a regular variation, AlGaAs branched NWs, was studied as well. By SEM and
TEM techniques, branches were observed to nucleate on the NW sidewalls and grow
epitaxially, as corroborated via theoretical calculations. The structural features of the
branched NWs were acquired and a growth mechanism was proposed for the
formation of branches, based on our results and literature. Finally, a brief section will
refer to optical measurements of novel InAs nanosheets, that are a highly promising
type of nanostructures, offering vast potential for light-emitting, energy harvesting and
memory applications. Prior to proceeding to the description of the organization of the
current thesis, we consider it important to provide a brief comparison of the material
platforms that are employed for our experiments, including GaAs which has not been
used in the current research project but is considered one of the most popular binary
alloys among IlI-V semiconductors. This comparison will be conducted in the following

section of the introduction.
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1.7) Comparison of nanostructures and material platforms

The increased demands in terms of the structural and optical properties of 1lI-V
semiconductor-based nanostructures has led to the exploration of numerous material
combinations, each of which presents its own properties. In the current work, we used
AlGaAs, AlGaAs/GaAs and InAs in the experimental section, employing them for NWs
(some of which are branched), NWQDs and nanosheets, the peculiarities and previous
research of which is described individually in the beginning of the corresponding
chapter. However, it is also significant to provide a brief comparison of the
morphological differences of the nanostructures, as well as to examine the properties
of the employed alloys in comparison with the widely used GaAs to establish the

properties associated with each platform.

As a first step, the structures that we used for our research were NWs and NWQDs,
synthesized at UCL and nanosheets synthesized by collaborators, which we
thoroughly inspected optically. Based on the descriptions in the previous sections,
NWs are 1D, columnar shape nanostructures with a high surface-to-volume ratio and
can be synthesized via either the bottom-up or the top-down approach and the
corresponding subcategories that were analysed earlier. On the other hand, 3D
branched NWs can be synthesized via different methods, either deliberately or
spontaneously (as is the case in our experiments and will be discussed in chapter 4).
The structures exhibit a tree-like configuration where the standing NW part is the trunk
and the extensions are the branches, which have a hierarchical nature. In addition, a
QD insertion axially in the NW leads to the realization of NWQDs, which present a
highly controllable method of QD realization, while harvesting the benefits of the NW
unique features. The QD can also be formed spontaneously but in the deliberate

NWQD synthesis it is realized via the adequate modifications in the elemental supply.
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For instance, in our case we introduced the GaAs QD segment via stopping the supply
of Al for 7 seconds in order to enable the deposition of binary GaAs. As the dot needs
to be embedded in the NW, the initial configuration of elemental supply is restored to
grow the top part of the NW. Finally, nanosheets that are also examined have a 2D
nature and can also be fabricated by similar epitaxial methods. Although one of the
most common and useful approaches is SAG, VLS growth of nanosheets has also
been achieved. For instance, in the samples we optically inspect in chapter 6 of the
thesis, the growth was achieved directly from 1D InAs NWs via increasing In flux which
led to morphological alterations and tuned the change of the structures from 1D to

2D 1200

The above are schematically depicted in Fig. 1.8, where we illustrate characteristic
examples of a single NW, branched NW, NWQD and nanosheet, in Figs. 1.8a-d,
respectively. It is noted that the spherical droplet at the tip of the NWs and the
branches is present in VLS growth mode of such structures, hence it is not always
demonstrated if a different approach is followed. However, considering that we
adopted the VLS growth mode, we thought it is important to include them in the
schematic representations. It is interesting to mention that in the case of nanosheets,
the droplet was unstable and did not maintain its spherical shape covering the tip of
the structure as the growth occurred from 1D NWs via modifying the In flux. This will

be examined in chapter 6 of the thesis.
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Figure 1.8: a-d) Schematic representations of a NW, branched NW, NWQD and
nanosheet, respectively. The catalyst droplet for the VLS growth is depicted in red,

while the QD segment is depicted in dark blue colour.

Besides, a comparison of the alloys that are used and the popular GaAs is also
elucidating. GaAs is a binary IlI-V alloy with a bandgap which at room temperature has
an energy of roughly 1.42 eV, corresponding to a wavelength of 873.13 nm. One
important property is the direct nature of the bandgap, allowing GaAs to emit and
detect near-infrared light. Moreover, it is crystallized into the ZB structure, in typical

conditions, even though the realization of WZ GaAs has been reported.[?32233] The

63



refractive index of GaAs is 3.3 at room temperature and the electron mobility is 8500

cm?/(V*s).

GaAs has been regularly combined with AlGaAs, mostly in core/shell NWs, 8. 224-
226] while the topic of AlGaAs/GaAs NWQDs has attracted attention over the past
decade.[?34236] This interest is mainly based on the lattice match between the two
compounds, allowing for minimal strain, hence facilitating superior quality
nanostructures. On the other hand, AlGaAs is a ternary alloy with a bandgap that
remains direct at room temperature for Al contents no higher than 40%. After this value
it becomes indirect and therefore is not practical for optoelectronic applications. The
refractive index of AlGaAs lies between 2.86 and 3.3, while its use as shell combined
with GaAs in NWs has a threefold role; confining the carriers in the core, protecting
the core from oxidation and passivating surface states, which are usually high in NWs
and nanosheets owing to the large surface-to-volume ratio.[!”Y Due to the tunability of
the bandgap as a function of the Al composition, this ternary alloy has the ability to
emit red to near-infrared light usually within the range of 700-850 nm. It is also
important to remind that while AlGaAs is usually crystallized into ZB phase, the works
on AlGaAs NWs have revealed a polytypic nature with frequent WZ insertions, while
the formation of WZ AlGaAs shell layers has also been reported, as a result of the
epitaxial nature of the growth, where the shell adopts the crystal structure of the
core.['" Finally, the electron mobility is given by the equation 8*103-2.2*10%x+10%x?
cm?/(V*s) for x between 0 and 0.45, while for x above 0.45 it is given by the equation
-255+1160x-720x? cm?/(V*s). Hence, the values range between roughly 215 and 8000

cm?/(V*s) at room temperature.

Regarding the combination of AlGaAs and GaAs in NWQDs, the frequently adopted
architecture includes one GaAs QD inserted axially in an AlIGaAs NW. In this design,
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carriers are confined in the 0D QD region, while the AlGaAs layers surrounding the
dot minimize carrier escape especially at low temperatures where carrier mobility is
lower. The emission of such structures is typically consisted of a sharp peak in the
near-infrared region attributed to GaAs emission and a comparably broader peak
located at lower wavelengths, in the red or near-infrared region, which is originating
from AlGaAs NW emission. The above are fundamental aspects for several
optoelectronic applications. For instance, the importance of NWQDs for single photon
generation and quantum information processing has been described earlier in the

current chapter.

Finally, it is important to describe some basic parameters of InAs, which is another
popular binary alloy for implementation in optoelectronics. InAs is a direct-bandgap IlI-
V semiconductor, whose narrow bandgap of 0.354 eV at room temperature is one of
its most prominent feature. In combination with the direct nature of the bandgap,
infrared emission and detection are enabled in nanostructures based on this material
platform. Another distinguished characteristic of InAs is its high electron mobility which
reaches 40000 cm?/(V*s), rendering it ideal for high-speed electronics. Its refractive
index is 3.51 at room temperature, while its crystal structure is predominantly ZB.
Nevertheless, it is noted that the realization of WZ InAs has been regularly reported,

quite more frequently in comparison with AlGaAs.[8°-90. 237]

Based on the information provided above, a table encapsulating the properties

stated in the current section of the thesis is depicted below (Table 1).

65



111-V alloy | Bandgap Bandgap Energy |Crystal Structure Refractive Index | Electron Mobility (at RT)
Nature (at RT) (at RT)

Direct ZB (occasional WZ) 8500 cm?/(V*s)

Al Ga, ,As Direct for 1.42eV-2.16 eV  Polytypic 2.86-3.3 (depends  215-8000 cm?/(V*s)
x<0.4 on x) (depends on x)
InAs Direct 0.354 ZB (frequently 3.51 40000 cm?/(V*s)
reported WZ)

Table 1. Summary of the basic features of GaAs, AlGaAs and InAs alloys.

In the next and final section of the introduction, we will describe the aim of the project

along with the detailed organization of the thesis.
1.8) Organization of the Thesis

As a result of the benefits of the nanoscale structures that were analysed above
and the important role they can play in device applications of low volume and cost,
their growth and investigation has been a significant task in scientific research over
the past years. The objective of the current thesis is the synthesis of advantageous
nanostructures, including NWs, NWQDs and 2D nanosheets, based on prominent and
beneficial material platforms, monolithically on Si substrates, which is an important
feature considering the role of Si in optoelectronics and photonic circuits. The choice
of material platforms that are scrutinised (AlGaAs, AlGaAs/GaAs and InAs) is based
on the advantages of each one of them for practical applications, also considering their
impact on our research field and their interesting characteristics. The realized
structures should be of good material quality, which is a key factor for their wide-scale
implementation in applications. Moreover, a thorough study of the structural and

morphological properties of the grown nanostructures is imperative in order to
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characterize them in depth and potentially unravel the mechanisms lying beneath
some interesting or irregular findings. In addition to the above, another aim of the
current work is to examine the optical response of the grown nanostructures and to
assess the results as well as interpreting observations that will be manifested. The
optical address of the samples occurs in our case via photoluminescence (PL)
excitation using a laser source, as will be described in the following chapter of the
thesis. The structures are synthesised via state-of-the-arts MBE facilities, an epitaxial

method which will be thoroughly analysed further on in the current thesis.

The inspected structures in our work include 1D AlGaAs NWs, a peculiar type of
self-assembled 3D, branched AlGaAs NWs and single AlIGaAs/GaAs NWQDs grown
in our facilities via the advantageous self-catalysed VLS growth mode that was
described above and thoroughly characterized by means of microscopy and optical
techniques. In addition to this, we characterise InAs nanosheets, which are structures
based on a prominent and highly explored material platform with advantageous
features, which were grown by our collaborators. The optical analysis was conducted
in our facilities at UCL using PL measurements that allowed us to reach an uncommon
and very interesting observation that indicates the role these structures can play in

their implementation for optoelectronic memory units of ultra-low power consumption.

Based on the above, our experimental work, results and publications led to the
synthesis of a thesis comprised of 7 chapters with an additional 8" chapter being the
rich bibliography that is cited. The content and brief description of the chapters is
included below. Specifically, in Chapter 1, we initiated the thesis by presenting a
thorough background and recent developments in the growth of high-quality IlI-V
nanostructures on Si, commenting on their suitability for a wide number of applications.
Specifically, we began by describing the basic properties and achievements in the
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growth of NWs and NWQDs, respectively. We continued by introducing some basic
information on the ZB or WZ crystal phase and we introduced device applications that
were developed based on IlI-V NWs and NWQDs. Besides, we analysed the growth
methods that have been employed for the NWs and the NWQDs that have been
achieved and comment on the strain in NWs. Then, we introduced a variant of NWs
which is the 3D branched NWs and described the highly promising Ill-V nanosheets,
that are useful for a variety of applications. Finally, we briefly referred to previous

relevant works conducted in our facilities at UCL.

Chapter 2 includes the components and functions of an MBE system, along with its
basic working principles and a brief comparison with the popular CVD and MOVPE
methods. Additionally, we introduce the state-of-the-arts MBE system at UCL facilities
that was used for the conduction of our work. Moreover, we present the tools, setups
and equipment that have been used for the microscopical and optical analysis, located

either at UCL or in collaborating institutions.

In Chapter 3, we demonstrate the results of our investigation on standing 1D
AlGaAs NWs, after having analysed and specified the scope for the use of this
particular ternary alloy. The self-formed, Al-rich shell is shown to have two distinct
characteristics that are observed and interpreted. The optical analysis reveals efficient

emission, tuneable in the range of 700-850 nm.

In Chapter 4, we exhibit the studies on branched AlGaAs NWs, where a thorough
transmission electron microscopy investigation is shown. The branched NWs were
observed to display uncommon compositional distribution, with stripes of Ga

segregation being formed both along the branch axis and perpendicular to it, leading
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to the realization of a complex checked pattern. This phenomenon is interpreted and

its significance is clarified.

Chapter 5 includes a systematic study of single GaAs/AlGaAs dot-in-wire structures.
The presence of the dot is established via transmission electron microscopy and
energy dispersive x-ray spectroscopy, while the thorough optical investigation via PL
and micro-PL measurements reveals GaAs-related peaks that are centrally localized
and relatively narrow in linewidth. The above strongly indicate the quantum
confinement occurring in the axially embedded GaAs segment and are promising for

non-classical light-emitting applications.

Moreover, in Chapter 6, we introduce another type of nanostructures; InAs
nanosheets grown via MBE, which were subject to systematic optical study. We
analyse the memory effect that was observed for pristine nanosheets and compare
and evaluate the impact of the different types of surface passivation on the optical
behaviour of the structures. Furthermore, we display the promising potential of the
structures as fundamental units for optoelectronic memory devices, operating with

ultra-low power consumption.

Finally, in Chapter 7, we summarize the results that were acquired from the
experiments and describe the challenges that were met and the plan for future works

related to this research topic.
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Chapter 2: Equipment, setup and tools

The samples that we develop in our lab are grown via a solid-source MBE system
with twin growth chambers; one for group 1ll-V semiconductors and the other one for
group IV semiconductors. The second will focus on the description and analysis of the
system, its components and the operating principles. Additional information will also
be provided on the various setups and pieces of equipment that were used to conduct

the structural, morphological, and optical analysis of the grown samples.

2.1) Molecular Beam Epitaxy

2.1.1) General Information

MBE is a powerful epitaxial method for thin film deposition of single crystal, which
was invented in the late 1960s.1238! |ts working principles are founded on a physical
evaporation procedure, where the beam flux is transferred onto the substrate wafers.
Upon arrival of the elemental adatoms on these wafers very intricate physical
interactions take place. The entire procedure is performed under high vacuum or ultra-
high vacuum (UHV). The basic feature of MBE is the very slow deposition rate which
allows for the structural epitaxial growth. To fulfil this purpose, an essential prerequisite
is the high quality of the UHV, which ensures negligible or low level of unwanted
dopants, thus maintaining the purity of the grown crystals, while it ensures that the
adatoms adopt a long enough mean free path in order to reach the surface of the
wafer.[38]  MBE exhibits some major beneficial characteristics in comparison to other
epitaxial systems such as MOVPE or CBE. First and foremost, it is a physical
evaporation procedure without involvement of interaction between beam fluxes prior
to the arrival of the adatoms at the wafer. The slow growth rate of the layers of atoms

enables to control the procedure with a remarkably high level of accuracy. On top of
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that, the aforementioned UHV conditions ensure that the mean free path of a molecule
is larger than the one recorded in other systems. Ergo, the transport of the molecules
occurs in a ballistic manner, meaning that minimal or no scattering occurs.[?3% MBE
systems are mainly comprised of the growth chamber, the buffer chamber (or
preparation chamber) and the load-lock module. The growth chamber, which is
considered the heart of the MBE reactor, is pumped by a cryopump and an ion pump,
maintaining a base pressure of 101° mbar. The chamber also includes a manipulator
of the sample holder, capable of continuous rotation at some set value (i.e., 10
revolutions per minute (rpm)), which can be heated up to 1000°C and a cryopanel that
is cooled down to -140°C via the use of liquid nitrogen prior to the growth. This
cryopanel surrounds the walls of the growth chamber internally and its basic aim is to
maintain the background pressure at a sufficiently low level. Furthermore, the low
temperature eradicates the ‘memory effect’ that is usually displayed in other systems
such as MOVPE. The memory effect is a phenomenon according to which elements
are desorbed from the inner walls of the system. Thus, it can cause uncontrolled
incorporation of source materials in the growing crystal, which can hinder structural
purity and jeopardize the stability of the device performance based on these

samples.[?40]

In solid-source MBE systems, the elements that are intended to be used (such as
Ga, As, In, Al etc.) are heated in separate quasi-Knudsen effusion cells, until they
slowly begin to sublime. Next, the gas phase elements condense into the substrate
wafer, where they begin chemically interacting with each other, thus triggering material
growth. The elements that impinge on the surface can be adsorbed or desorbed. All

of these processes are controlled by a careful determination of the temperature of the
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source and the substrate, respectively. It is reminded that no interaction among the

gaseous elements takes place before they reach the substrate wafer.

A special mention should be paid to the UHV inside an MBE system, which provides
the adequate environment for incorporation of many different systems that can operate
under such conditions. Another fundamental benefit of UHV is the capability to
incorporate electron diffraction probes, such as Reflective High Energy Electron
Diffraction (RHEED) into the system. RHEED is a supplementary system that provides
valuable in-situ information on the wafer surface during the growth and is rendered

vital for the realization of thin films.

To underline the importance of MBE and its main differences compared to other
significant growth techniques and facilities, a brief comparison between MBE as a
physical evaporation procedure and CVD is required. CVD is a method of material
deposition where similar to our system the procedure is conducted under vacuum
conditions on substrate wafers. In the case of CVD the substrate receives elemental
precursors which chemically react in order to form the wanted material layers. It is a
popular method especially regarding thin film fabrication. CVD can be subcategorised
depending on the pressure, the physical form of the vapor precursors and the
substrate temperature, which are the main parameters regulating its realization. One
feature of CVD is the multiple directions that the deposition can adopt.[?! The
precursors are deposited via a carrier gas, such as argon or nitrogen. Based on the
fact that the formation of the material layers is realized via chemical reactions, it is a
chemical procedure. A schematic representation of its fundamental mechanism in the
reactor is presented in Fig. 2.1a. It is noted that MOCVD or MOVPE is a variant of
CVD, where, like CVD and unlike our method (MBE), deposition occurs following
chemical reactions rather than physical evaporation and the precursors in their vapor
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form are transferred on the substrate wafer for the chemical reaction to be realized.
Also in this case, the reaction does not occur in vacuum but at intermediate pressures
reaching roughly 760 Torr. The gas in this case is inserted in the reactor via relevant
devices and can usually be hydrogen or nitrogen. Due to their chemical nature, such
methods require a waste system, where hazardous waste is converted into solid for

easier disposal.

Based on the above, it can be seen that the differences between CVD (and
MOCVD) and MBE are mainly originating from their different nature, the formers being
chemical while the latter being physical. CVD is done at higher pressures when
compared to MBE, as it can also be conducted at atmospheric pressure. Hence, UHV
is possible but not necessary. This also means that the cost related to this aspect is
lower in CVD processes. The main parameters in CVD that control the quality of the
materials are temperature, pressure and flow rate of the vapor phase precursors. The
growth temperatures usually range from 500 to 1200 °C. The growth rates in the case
of CVD procedures are significantly higher, as they can reach 5 um per hour, thus
facilitating mass production. On the contrary, MBE is a physical procedure, where the
heating of effusion cells leads to sublimation of the gaseous elements, which are
ballistically deposited on a substrate. UHV is necessary in this process, which
increases the cost but on the positive side it impedes chemical reactions taking place
before the adatoms reach the substrate, due to the increased mean free path. Another
important difference is the possibility of in-situ characterization (for instance using
RHEED) which is enabled due to the UHV in MBE while it is not the case for CVD. The
growth rates are much slower typically barely reaching 1 ym per hour, which renders
mass production challenging but facilitates high-quality crystal fabrication. It is noted

that based on the above, MBE allows for a better control over the dimensions of the
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nanostructures that are synthesized. For facilitation, a schematic representation of an
MBE system is given in Fig. 2.1b. It is noted that a more detailed schematic of the

growth chamber, which is the core of the entire procedure, is provided separately

below.
a CVD growth schematics
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Figure 2.1: Basic schematics of a) CVD and b) MBE growth reactors. The additional
components of the MBE, which is the method we used, are going to be depicted in a

separate schematic later in the current chapter.

As mentioned above, the key parameters in CVD growth are the temperature, the
pressure and the gas flow rate. In MBE, there are important growth parameters to be
considered as well, which can profoundly affect the grown crystals. One of the most
important growth parameters is growth temperature, which can affect the structure and

optical properties of the resulting nanostructures. For instance, it has been shown that
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the composition and elemental distribution of ternary alloys is linked to the growth
temperature as higher temperatures can show better compositional stability.[?421 On
the other hand, temperature has been related to the crystal quality. For example, in a
work of InAlAs layers grown on InP substrates, it has been found that increased growth
temperature causes defects on the surface of the crystal, while at low temperatures
there is increased surface roughness.[?43l This means that careful study of the impact
of temperature should be carried out while designing the nanostructures, based on the

wanted features and potential for specific device applications.

A second key parameter is the elemental beam flux ratio. In binary IlI-V alloys, this
is defined as the V/lll ratio, while in ternary alloys apart from the aforementioned factor,
a l@)/1(2) or V(1)/V(2) ratios are also defined. The ratio can have an impact as it
can determine the composition of an alloy, which in turn regulates the optical
transitions, wavelength of emission, additional peaks etc. For instance, in our case, a
lower V/III ratio has led to increased Al presence in the alloy, which in turns shifts the
emission towards lower wavelengths, while branching events are much more
pronounced at these values, as will be thoroughly examined in chapters 3-4. The
growth of nanosheets is also affected, as we will establish based on the growth
mechanism of our investigated InAs nanosheets, where higher In flux resulted in
transition of 1D InAs NWs to a 2D InAs nanosheet morphology, while increase of In
beyond a value suppressed growth.[2%0 Moreover, the duration of growth is crucial, as
shorter times potentially do not allow for fully-formed nanostructures to be developed

and distort their morphology.[?28l

Besides, the UHV conditions are also important mainly due to their role in the
ballistic deposition of adatoms. In addition, UHV ensures that there is limited
contaminations due to impurities present. The pumping of the pressure in the
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chambers of an MBE system is conducted via cryopumps or ion pumps and will be
thoroughly described later in the current chapter. In the case of our MBE system the
background pressure could reach the ultra-low values of 7.5x101° Torr (10-° mbar)

which ensures the required high-purity UHV that is vital.

The aforementioned general information helps us understand the basic
functionalities and working principles of an MBE system. Nonetheless, each type of
reactor used presents slight variations in the function and the potential for
nanostructure growth. In the following section we will thoroughly describe the system
we use in our lab at UCL, which enabled us to realize the nanostructures that are

studied in the current thesis.
2.1.2) Molecular Beam Epitaxy system at UCL facilities

The solid-source 1lI-V MBE system at UCL consists of four chambers: a load-lock
module, a preparation chamber, a growth chamber and a phosphorus recovery
system. All of these chambers are separated from each other via the use of an UHV

gate valve.

The load-lock chamber is an essential part of the growth system, as it is the means
of introducing the substrate into the system, whilst prohibiting contamination of the rest
of the chambers with components of the atmospheric air. The chamber is pumped by
a turbo pump during unloading and reloading samples and is vacuumed into UHV.
After reloading, a cryopump that is connected to the chamber replaces the turbo pump
to maintain the vacuum in the load-lock chamber. Usually, reloading is followed by an
outgas procedure of the substrates by thermal annealing at 200°C. During this stage,
majority of contaminants are eliminated from the wafers. Before introducing the

substrate in the MBE system, the substrate is degassed for approximately 12 hours
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under these UHV conditions. After this step, the substrate is ready to be loaded into

the buffer chamber of the main MBE system.

The buffer or preparation chamber is responsible for isolating the growth chamber
from the external environment to further prevent contamination by air that derives from
the load-lock chamber. Apart from this role, it is also a space where the substrates can
be thermally prepared prior to the growth. A heating stage on the sidewalls lifts the
temperature up to 600°C for a second degassing procedure, which is necessary to
ensure that more contaminants are removed from the wafer. The heater is separated
from the growth chamber, signifying that the thermal treatment of the substrate can
occur even during growth. Moreover, the buffer chamber acts as a storage space for
substrates before or after the growth. It is merely connected to an ion pump that is

able to function only in the UHV environment.

The growth chamber is the most important part of the MBE system, as it is the space
where the main growth of the samples is being carried out. It includes a variety of other
supplementary systems and components that help monitor, control and alter the
growth parameters, as required. It includes a substrate manipulator, a substrate
heater, a thermocouple, effusion cells, cryopanels, beam flux monitors and vacuum
facilities. The substrate manipulator is the holder of the substrate. It can move along
two axes. The first one is used to position the substrate for growth, transfer and flux
measurements, respectively. The second axis allows the substrate to rotate around
itself, thus enabling homogeneous growth around the entire wafer. The substrate
heater can lift the temperature up to 1000°C, which is much larger than the average
range of temperature that a typical MBE system can reach. The thermocouple, on the
other hand, along with the pyrometer are used to measure the temperature of the
substrate. The former is located behind the substrate and the latter is situated facing
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the surface of the substrate at growth position. Finally, the effusion cells are
components possessing a port which is designed in such a fashion that is directed to
the position of the sample during growth. The effusion cells are attached to the growth
chamber. It is important to point out that beam flux monitors are widely used to
determine flux ratios and growth rates at the position of the sample (or at its vicinity).
The high purity of UHV is maintained via the collaborative function of a cryogenic pump
and an ion pump. The 1lI-V elements we have in our disposal at UCL are Gallium,
Indium, Aluminium (Group 1ll) and Arsenic, Phosphorus and Antimony (Group V). For
clarity, a schematic diagram of the basic components of an MBE growth chamber is

depicted in Fig. 2.2.
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Figure 2.2: Schematic diagram of the growth chamber of our MBE system, including
the effusion cells, RHEED gun and fluorescent screen, rotating sample holder,

cryopanels and connection to the buffer chamber via an airlock valve.

One of the peculiarities of our growth system is the use of phosphorus for some of
our samples. This required an additional component in the MBE facility. This

component is called Phosphorus Recovery System, which is responsible for rapidly

78



removing P that exists in the growth chamber. Phosphoric content can be hazardous
to the safety of the system and the researchers. Hence, special attention and careful

handling are required to employ it in an efficient and safe manner.

One of the most important supplementary systems of an MBE system is RHEED.
This is a technique during which an electron gun emits an electron beam generated
by a tungsten filament and the beam is focused on the sample. It is noted that the UHV
in the growth chamber of the MBE is a necessary requirement for RHEED systems to
function. The characteristic of RHEED is that the beam reaches only the surface of the
sample to produce a diffraction pattern of the electrons that can provide significant
information regarding the crystallinity of the grown structure. RHEED is particularly
common and useful in thin film growth and in QD growth. However, it can also be used
to inspect NW synthesis. Based on RHEED observations, the consumption of Ga
droplets after the termination of the elemental supply has been reported,?*4 while the
impact of fluxes on the structural properties have also been scrutinised.?*® The
patterns that are produced by RHEED are also used in the case of heterostructure
growth such as heterostructure NWs or NWQDs, where the change of the pattern as
a result of the different crystal phase or structural properties of the various material

platforms can confirm the realization of the heteroepitaxy.

Although in our experiments, RHEED analysis was not carried out in-depth, the
system was employed to confirm that NWs are grown adequately. Monitoring the
diffraction pattern of the RHEED system allows us to evaluate whether NWs are
successfully elongated or whether the growth conditions were not appropriate causing
parasitic growth or thin film growth. A picture of the MBE system that is used in our lab
for the realization of the structures that will be described in the next chapters of the

current thesis is presented in Fig. 2.3.
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Figure 2.3: MBE system used for the growth of our structures in our lab.

2.2) Measurement equipment and setups

2.2.1) Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a technique allowing the user to inspect the
morphology of the samples. The system is comprised of a scanning electron
microscope whose function is to acquire an image of the sample, driven by the scan
of the surface via a beam of electrons. The electron beam is produced by a filament,
most commonly a loop of tungsten acting as the cathode. The heating of the filament
leads to the generation of an electron beam. The beam passes vertically through the
microscope components. Initially, it passes through the anode and reaches the lenses
of the microscope, which direct the beam on the sample. Following this step, the beam

reaches the scanning coils, which are used to deflect the beam in both X and Y axis.
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This way it is ensures that a rectangular area of the sample will be scanned. Finally,
the beam scans the surface of the sample. Some of the electrons in the beam interact
with the atoms of the material and are scattered forming secondary electrons and
back-scattered electrons, which are collected by the corresponding detectors and
produce a signal which is projected on the screen. The above are illustrated in the

schematic diagram of Fig. 2.4.
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Figure 2.4: Schematic diagram of the basic functions and components of an SEM

system.

It is noted that the signals that are detected and lead to the production of the high-
quality image can be secondary electrons, back-scattered electrons,

cathodoluminescence or transmitted electrons. The most common approach,
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however, is secondary electron imaging. This approach is also adopted by the SEM in
our facilities. Via this method, the low-energy electrons that are emitted from
conduction or valence bands of the sample are collected after their interaction with the
beam of electrons of the microscope. These secondary electrons derive from the
vicinity of the surface of the examined sample and are accelerated towards a positively
biased phosphor. This acceleration provides them with the adequate amount of energy
that is required for the phosphor to exhibit cathodoluminescence, which is then driven
to a photomultiplier via a light pipe and a window in the wall of the chamber of the
system. This signal at the output of the photomultiplier can be illustrated and
photographed either in analogue or digital form. It is important to notice that in order
to increase the mean free path of the electrons the chamber where the sample is
placed is evacuated to low pressures. This reduces the frequency of the collisions of
the electrons with gas atoms, thus increasing the mean free path. Depending on the
instrument and the facilities the lowest resolution of an SEM tool can range between
1 nm and 20 nm. The best resolution achieved so far globally from such a facility has

been as low as 0.4 nm.

Apart from the above it should be mentioned that back-scattered electron imaging
is also beneficial for SEM characterization. Back-scattered electrons are high-energy
electrons that are reflected back due to elastic scattering of the electrons comprising
the incident beam with the material. Unlike secondary electrons, which are the result
of inelastic interactions between the beam and the surface of the sample and have
lower energy, back-scattered electrons derive from deeper regions of the specimen.
Hence, they contain different types of information, with the most characteristic being
the sensitivity to the atomic number of the material, with heavier elements appearing

brighter as they are more likely to scatter the electrons. This type of imaging can also
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offer information on the crystallography of the material. Nevertheless, it is noted that
secondary electron imaging is ideal for inspection of the morphology of the surface of

the structures. Itis reminded that in our facilities secondary electron imaging was used.

Besides, it is underlined that for our experiments SEM could not be used to confirm
the QD-in-NW formation, as the dot is embedded in the NW axis. Moreover, the
resolution of the equipment that we possess cannot reach the low level that is required
to acquire information on the QD. Nevertheless, this technique was ideal to provide
important morphological data on the NW samples, including their dimensionality,

orientation and potential parasitic growth.

Our SEM measurements were conducted in a JEOL IT-100 system, which is
presented below in Fig. 2.5. The NW samples are first cut and stick to the sample
holder by the use of conductive tape. The chamber where the sample is positioned is
pumped down. Next, an electron gun generates electrons with energy ranging from
500 eV to 30 keV. The NW atoms interact with the emitted electrons and generate
secondary electron signals, which map the sample morphology. It is important to
mention that parameters such as the height of the holder and the tilting angle can be
controlled to obtain more accurate images of remarkably high resolution. In our case,
the voltage of the electron beam was set at 20 kV and the samples were tilted by 30°.
The tilting of the sample is considered crucial as a vertically guided electron beam
leads to the escape of a number of electrons deriving from the sample as the activated
region is homogeneous with respect to the axis of the beam. On the contrary, as the
tilting increased, the area of electron interaction is increased. Hence, more secondary
electrons are emitted from the sample and collected via the aforementioned

procedures. In our case, experimental observation has shown that the used
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configurations are the ones under which the resolution of the acquired images was the

most satisfying.
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s
-

Figure 2.5: JEOL IT-100 Scanning Electron Microscopy system at UCL facilities
2.2.2) Transmission Electron Microscopy

Another tool we have in our disposal for the morphological and structural analysis
of the grown samples is Transmission Electron Microscopy (TEM), which is a
technique where an electron beam is transmitted through the sample to generate an
image. The main difference between SEM and TEM is that the former uses a line-by-
line scanning over the surface of the samples, while the latter exploits a beam that
passes through the sample. This function is rather challenging and thus demands for
careful preparation of the specimen prior to its conduction. The sample needs to be

ultrathin, in a scale of less than 100 nm and is placed on a grid.
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In Fig. 2.6, the basic schematic representation of a typical TEM system is provided.
Each TEM facility is comprised of an electron source or cathode, such as tungsten
filament among other options. This source emits electrons under the application of
appropriate voltage (usually within the frame of 100 kV) into the vacuum. It is noted
that the control of the electron beam can be conducted via electromagnets, using the
influence of a generated magnetic field. Following this, the electron beam is
accelerated until it obtains its voltage and reaches the optical part of the system, which
is mainly comprised of different types of lenses. A typical TEM system is comprised of
condenser lenses, objective lenses and projector lenses. The first level that is reached
by the electron beam is condenser lenses which focus the beam on the sample. The
beam passes through the sample (unlike SEM, where the sample is scanned) and the
output beam is directed to the objective lenses, whose role is to focus furthermore the
exit beam. As a next step, the beam reaches the projector lenses, whose importance
lies in the expansion of the beam onto the imaging device, typically a screen.
Moreover, apertures which are metallic plates represented by thick black lines in the
schematic representation of Fig. 2.6, are the components that exclude specific
electron types whose distance from the optical axis is larger than a specified value.
Hence, apertures contribute to the decrease of the intensity of the signal, effectively
acting as a filter which removes high-angle scattered electrons. Finally, it is worth
mentioning that an additional type of lenses, frequently used, is intermediate lenses
which are located between the projector lens and the objective lens and their role is to

change the focus of the image before the signal reaches the projector lens.
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Figure 2.6: Schematic representation of the typical operation and components of a

TEM system.

It is significant to underline that there are two basic operating modes of TEM
systems, the imaging mode and the diffraction mode.[?*8! Following electron-sample

interaction, two types of electrons are generated, namely scattered and unscattered
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electrons, with the latter being the ones that comprise the central beam and the former
changing their path after their interaction with the material. The objective aperture,
within the objective lens, can be programmed to filter the scattered electrons and allow
only the central beam to pass through. This is the way a bright field (BF) image is
acquired. The opposite is the case for the dark field (DF) image, where the central
beam is filtered out and only the diffracted electrons are used to obtain the image. The
signal reaches the projector lens which focuses it on a screen or another optical
medium. The aforementioned procedure is conducted in imaging mode. In diffraction
mode, the operating principles are the same but the basic difference is that in this case
an addition aperture (selected area aperture) focuses the beam more precisely in the
area of the sample which needs to be closely inspected, thus rendering this function

important for highly accurate characterization.

It is noted that vacuum system is of vital importance for the functionality of a TEM
facility. The vacuum (typically 7.5x107 Torr) allows for the mean free path of electrons
to be increased, as mentioned earlier for other high-vacuum facilities such as our MBE
system. This is important because it significantly reduces the collision of electrons with
gas atoms, which could jeopardize the validity of the experiments. Moreover, it is
reminded that the preparation of the sample is a definite requirement in TEM
measurements. The sample needs to be sectioned and the measured portion should

not exceed 100 um in thickness. Itis placed on a grid, which is inserted into the holder.

In a TEM system, the resolution of the generated images is much higher when
compared to SEM because of the small de Broglie wavelength of the transmitted
electrons. This is beneficial for a more detailed monitoring of the structural features of
the specimen. In addition, it is a powerful method for obtaining information on the
compositional distribution of the sample, which is helpful for its design and the
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interpretation of the subsequent optoelectronic analysis. The details that can be
obtained via a TEM system can be as small as a single column of atoms, which
enables the user to determine the crystal phase of the structures and other important
characteristics regarding their crystallinity, such as orientation and crystal defects. The
operating modes of TEM tools are various and include scanning TEM (STEM),
diffraction, spectroscopy etc. For instance, an important mode in the investigation of
the crystal structure is high-resolution TEM, according to which the images are formed
because of phase contrast of electron waves, when the specimen is uniform in the
thickness. This is a difference when compared to conventional TEM imaging, which
exploits amplitude contrast instead of phase contrast to produce the image. The
advantage of high-resolution TEM is that it can provide a variety of structural
information about the sample and can be manipulated. On the drawback, the
challenge is that since the image is not only dependent on the electrons hitting the
screen but also on the phase contrast, the direct elucidation of the images is
demanding. Furthermore, Energy Dispersive X-Ray Spectroscopy (EDX) can be
conducted via TEM analysis, where vital data describing the exact compositional

distribution of the samples are provided.

One particularly useful operating mode is annular dark field (ADF) imaging. ADF is
a method where the images are constructed via collecting scattered electrons with the
use of an ADF detector. This is a difference between conventional TEM, where
scattered electrons are collected by an objective aperture. As the collected electrons
in an ADF mode are not required to pass through an aperture, the number of scattered
electrons collected is higher when compared to conventional dark field TEM. A specific
type of ADF that is worth mentioning is high-angle annular dark field (HAADF), which

uses high-angle electrons to produce an ADF image. This method is highly sensitive
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to the atomic number Z of the elements of the scrutinised samples. More specifically,
elements with higher Z produce a greater number of high-angle scattered electrons
because the interactions between the nuclei and the electron beam is more
pronounced. Hence, the signal from elements with higher Z leads to their brighter
appearance in the images. This will be used for the analysis of the elemental
distribution of our samples, in Chapter 4 of the current thesis, where increased
presence of Ga as the heaviest elements leads to higher brightness on the ADF

images.

TEM measurements were regularly employed in our work and played a key role in
the thorough characterization of our samples, whilst they helped in elucidating their
behaviour at optical probing. The measurements were performed by our collaborators
in the University of Warwick. Via EDX and TEM analysis, we evaluated the
compositional distribution of our structures and highlighted the interesting, irregular
findings, which will be analysed further on in the current thesis. TEM measurements
were conducted via a JEOL 2100 facility and doubly corrected ARM200F microscopes,
all operating at 200 kV. It is important to point out that, as a necessary step in sample
preparation prior to the measurements, NWs were transferred onto porous carbon
grids. Our images include BF, DF and ADF images along with subsequent EDX
measurements such as scans and mappings. These will be discussed thoroughly in

chapters 3-5 of the thesis.

2.2.3) Photoluminescence measurements

Apart from the structural characterization, an important step is the optical
performance of the nanostructures and the investigation of the emission spectra

deriving from them. This is particularly beneficial for determining the potential that
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these structures exhibit for future device implementation but also for detecting
imperfections and adjust the growth conditions to optimize the sample performance.
The above can be achieved via PL measurements. The phenomenon of PL is
essentially emission of light stemming from the absorption of photons by the material.
It derives as a result of excitation, by photons that excite electrons to a higher energy
level. The typical case involves excitation of a semiconductor via a light source (most
frequently a laser source), which provides photons with an energy that is higher than
the bandgap energy of the material. The aforementioned photons are absorbed,
leading to the formation of electrons in the conduction band and holes in the valence
band of the semiconductor. More specifically, the electrons in the valence band absorb
the energy of the incident photons and pass to the conduction band, leaving holes at
the valence band behind them. These photoinduced electron-hole pairs recombine

radiatively, which leads to photon emission.

In the vast majority of the experimental procedures related to PL measurements,
the excitation is non-resonant, signifying that the semiconductor structure is excited
with excess energy. The excitation energy is usually discriminated by using an optical
filter. In the first moments after excitation, the distribution of carriers is regulated by
the width of the excitation spectrum and is usually similar to Gaussian distribution.
Following this, carrier scattering occurs most frequently via phonon-related scattering.
This leads to a partial relaxation of the system. Eventually, the carrier system is cooled

down via emission of phonons.

Despite the ideal scenario described above, in real-time experiments each system
will induce imbalances. The most typical example is structural defects that always exist
at least in small densities, even at carefully grown material systems. These defects

lead to carrier localization via trapping mechanisms which increase the emission
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lifetime. Additionally, defects can act as scattering centres that can be hazardous
towards the intensity of the emission. Additional peaks may appear as well, the
overlapping of which frequently results in inhomogeneous broadening of the emission
peaks in the spectra. Another source of disorder is the non-uniform elemental
distribution, which is the case in ternary NWs and poses a significant obstacle for the
efficient optical behaviour of the structures. Another frequent feature that causes
deviations from the theoretical models is surface states in the case of structures with
a large surface-to-volume ratio, such as NWs, NWQDs and nanosheets. The surface
states can act as non-radiative recombination centres that lead to a radical decrease
in the PL signal and can potentially harm the functionality and applicability of the

nanostructures as light sources.

For a more representative depiction of a PL setup, a basic schematic diagram with
the key components is illustrated in Fig. 2.7. The laser source emits light of a specific
wavelength that is reflected via the use of a mirror and reaches the sample after being
transmitted through a neutral density filter. The role of the latter is to reduce the
intensity of the incident light, which is achieved via absorbing a part of it. It is noted
that in some cases, instead of absorption neutral density filters can reduce the intensity
of the emitted light via reflection. Following this step, the light is focused on the sample
via the use of lenses. It is significant to mention that the sample is mounted on a
cryostat which allows for the control of temperature and allows the user to acquire PL
spectra at low temperatures. After the light is emitted from the sample via the
mechanisms described above, it is focused on a detector via the use of the focus
lenses. The light reaches the detector and then reaches a monochromator, whose role
is to transmit a band of selected wavelengths among the ones available. The

importance of this component will be analysed later in the current chapter. After the
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procedure described above, the data that are being transmitted are projected on a

screen.
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Figure 2.7: Schematic representation of a PL setup including its key components. The

incident beam is depicted in black, while the emitted beam is depicted in red colour.

The exhaustive use of PL systems in the characterization of nanostructures have
led to valuable results having been acquired. It is noted that the profound impact of
deviations caused by crystal imperfections and the subsequent evaluation of the
results can be frequently addressed phenomenologically. Nevertheless, their value in
material evaluation and inferences on the optical properties of semiconductor

nanostructures is of vital importance.
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PL measurements can stem from the entire ensemble (macro-PL) or from individual
NWs of the sample (micro-PL (uPL)). The macro-PL setup we used in our lab to obtain
the spectra is depicted in Fig. 2.8. In yPL the laser beam is focused on a much
narrower area of the wafer in order to address individual structures of the NW

ensemble.

Figure 2.8: Macro PL setup at UCL facilities, using a green laser as the excitation

source.

In our lab, we have used a macro-PL self-setup comprised of a 532 nm, green laser
as the excitation source and Si or Ge detectors for light detection, each of which covers
different regions of the wavelength. Another vital component of the system is the
monochromator. The function of this optical device is to transmit a narrow band of
selected wavelengths from a wide range of available wavelengths of the emitted light.
In order to accomplish this objective, the monochromator employs the phenomenon

of optical dispersion in a prism to spatially separate colours of light. The selected

93



colour, which is the light of a specific wavelength range, is guided to an exit slit and is
subsequently directed towards the sample. It is important to note that the dispersion
is controllable if the light is collimated, which means that all the rays of light are parallel.
That can be achieved only in sources that are placed away from the monochromator.
In this practical application, however, the laser source is positioned in the vicinity of
the monochromator. Hence, it is necessary to include an optical system in the
monochromator that converts the diverging light of the laser source to collimated light.

This can be frequently achieved via the use of collimating mirrors.

The setup allows for measurements at low temperatures (down to 10 K) via the
combination of a vacuum pump and a liquid helium compressor. This way,
temperature-dependent measurements from 10 K to room temperature (RT) can be
performed. On the other hand, pPL measurements were conducted in the University
of Sheffield. Prior to these measurements, individual NWs were dispersed onto Si
substrates. The laser beam is focused on a small area of the wafer to excite single
NWs and inspect their behaviour. The samples were first mounted into a cryostat

suppled with liquid helium, in order to reach low temperatures of 5 K or below.

After having described the different systems and setups that were used for the
realization of our project, we will proceed to the analysis of the results that were
obtained from the experimental work that we conducted in our lab and will be

thoroughly discussed in the following four chapters of the thesis.
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Chapter 3: AlGaAs Nanowires on Si (111) Substrates

3.1) Background Information

Among the various semiconductor alloys available, group IlI-V semiconductors are
particularly vibrant for scientific research in optoelectronic applications and silicon
photonics. Their optically attractive characteristics include the direct bandgap, which
renders them good candidates for light-emitting applications such as lasers and LEDs,
whilst the high carrier mobility widens their potential for implementation in devices such
as high-speed transistors. Furthermore, the realization of ternary I1I-V alloys allows for
a broadly tuneable emission from visual to mid-infrared range depending on the
composition of the alloy, which in turn can be regulated to a great extent by the choice
of the suitable growth parameters, as thoroughly described in Chapter 1. The growth
mechanism in MBE systems along with the efficient tolerance of large amounts of
strain in NWs facilitated to grow IlI-V NWs monolithically on Si substrates, regardless
of their lattice mismatch. It is noted that despite the benefit of elastic strain relaxation,
there are challenges that could render the combination of compositing elements
demanding. Additionally, the core/shell architecture regularly employed in NWs can
significantly widens the range of materials that can be combined although it leads to
crystal defects being formed due to inelastic strain relaxation at the core/shell

interface.

Based on the above, an important quality exhibited in NW structures is their
capability to be monolithically integrated on the mature and easily accessible Si
platform. Thus, on-chip integration of NWs can be achieved to exploit them in

fabrication of electronic and optical circuits. In the past, lots of materials have been
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combined and their growth conditions have been carefully optimized to be adjusted to

specific expectations and aims.

The importance of the ternary IlI-V alloys that was described earlier generated the
need for exploration of their properties as active materials of optoelectronic structures.
Among the various material combinations, AlGaAs has been particularly attractive as
a result of its combination with the mature GaAs platform and its ability to emit at red
and near-infrared regions depending on its composition. More specifically, AlGaAs is
a ternary alloy with a bandgap varying between 1.42 eV (GaAs) and 2.16 eV (AlASs)
depending on the composition of Al. The near-infrared emission that can be acquired
renders AlGaAs intriguing for applications in the field of electronics and
optoelectronics. For these reasons, the growth of AlIGaAs NWs has already been
reported in the past via the bottom-up approach.?1%-223] |t is noted, however, that in alll
of the existing works, this has been obtained via the Au-assisted approach, which can
lead to metal-related contamination, as described in the introduction. On the contrary,
in our work, we achieved successful growth of AlGaAs NWs via the self-catalysed

technique.

On top of that, the material combination of GaAs/AlGaAs has been frequently
employed for core/shell NW heterostructures where the role of the AlGaAs shell is
threefold; first it acts as passivation for the surface states of GaAs core, second it
protects the core from oxidation and third it confines the carriers in the core region.[17
Such heterostructures presented enhanced PL features and strong polarization of the
emission when compared to conventional GaAs NWSs.[224-225] The GaAs/AlGaAs
core/shell architecture has also been adopted for lasers, which have more stringent

requirements regarding the NW optical properties. 18- 226l

96



For the growth of the AlGaAs NW samples, we used epi-ready p-type Si (111)
substrates, covered with native oxide with a diameter of 3 inches and a thickness of
380 ym. The substrates were initially inserted in the system via the load-lock module
and were degassed in the buffer chamber by thermal annealing at 600°C for 60 mins
to remove contaminants. The thermally prepared substrates were then moved to the
growth chamber to initiate the procedure. Initially, as the aim was to obtain self-
catalysed AlGaAs NWs due to the aforementioned foreign metal-related issues, Ga
was deposited on the Si substrate. It has already been shown that deposition of Ga
under UHV conditions in an MBE reactor leads to the formation of Ga droplets acting
as catalysts for the remaining growth process.?*"! It Is noted that during Ga deposition
the substrate was rotating at 10 rpm in order for Ga to be distributed as
homogeneously as possible. Due to the temperature in the reactor exceeding the

melting point of Ga (which is merely 29.76°C) the transition into Ga nanodroplets is

ensured. The growth procedure is initiated via the formation of bare GaAs stems for

10 mins at 610°C, which is achieved by introducing As flux. The As flux that is used is

2.75x108 Torr while Ga flux matches to thin film growth rate of 0.6 ML/s, as established
by earlier GaAs thin film calibrations on GaAs (100) substrates. The length of the GaAs
stems was 600 nm. It is noted that even though the crystal phase of the GaAs stems
was not scrutinized, based on previous report from our group the GaAs stems are
expected to adopt a ZB crystal phase, while the subsequent introduction of Al is
expected to cause formation of defects at the bottom region until the ternary growth is
stabilized.l?*®l Following this stage, Al was supplied to the reactor in order for the
AlGaAs NWs to start growing. The Ga and Al flux that were used in the growth were
anticipated to produce AlxGai-xAs thin films of the corresponding composition on GaAs

(001) substrates. The flux of As was stable at 2.75x10° Torr for all of the grown
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samples, resulting in an As/Ga beam flux ratio of 15. Based on the above, the V/III
beam flux ratio varied depending on the Al content, as Al beam flux was the only
variable that was modified. Specifically, for the samples with 10%, 20%, 30% and 40%
nominal, atomic Al concentration, the beam flux ratios are 14.05, 13.12, 12.13 and
11.07, respectively. The nominal Al content was kept at a maximum of 40%, as further
increase would cause a direct-to-indirect transition of the bandgap, rendering the
samples optically inactive. It is noted that for the rest of the current thesis, by nominal
composition we are referring to atomic compositions. It is also significant to mention
that AlGaAs is expected to exhibit indirect bandgap in higher Al compositions. For this
reason, the selected range of Al contents was chosen in order to inspect the impact of
the elemental composition on the properties of the structures, while ensuring direct
bandgap, hence optically active nanostructures. The samples were rotated during
growth with a speed of 10 rpm. The total duration of the AlGaAs NW growth was 100

mins.
3.2) Morphological and Structural Analysis of AlIGaAs Nanowires

The first step towards a thorough characterization of the grown structures is the
performance of SEM measurements. SEM images were acquired for samples with
varying Al content of 10%, 20%, 30% and 40%. The results are presented in Figs.
3.1a-d, respectively. The tilting angle that is used is 30°. From these figures it can be
conspicuously viewed that the NWs were grown perpendicularly oriented on the Si
substrates, signifying their elongation along the (111) direction. Another interesting
observation is the well-defined spherical droplets at the NW tips, which indicate the
successful VLS growth mode. This can be elucidated in Figs. 3.1a-d. What is also
interesting to notice is that the samples containing 10%, 20% and 30% Al present a

much higher NW density. This can be attributed to the modifications in the NW
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morphology induced by the increased Al presence. Two morphological variations that
are found are kinked and branched NWs. More information on this interesting

phenomenon will be provided in chapter 4 of the current thesis.

Figure 3.1: SEM images of the AlGaAs NW samples with atomic, nominal
compositions of Al at: a) 10%, b) 20%, c) 30% and d) 40%. At 40% Al, several NWs
are bent or not fully grown, rapidly decreasing the density of the standing NWs via

lowering the vertical NW yield. The tilting angle in all of the measurements was 30°.

Increase in Al content has a significant effect in the dimensions of the NWs. To
illustrate this influence, a brief statistical analysis was conducted on 100 individual
NWs. The results are shown in Fig. 3.2. Al-deficient structures, where nominal Al
content reached 10%, are thinner with a diameter of averagely 200 nm. It is clarified
that this value corresponds to the diameter measured in the middle of the structure. In

practical terms, the inverse tapered shape of the structures renders the diameter
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distribution slightly inhomogeneous along the NW axis. For the measurement of the
length of the NW, we were based on trigonometry and considering the scale bar we
measured the length and the images and multiplied it with 1/sin30°, which was the
tilting angle. The Alo.1Gao.sAs NWs are rather long at 8 um in length. What is observed
with increasing Al composition is the shortening of the structures. At 40% Al, the length
of the NWs is merely 4 ym. Meanwhile, their diameter is radically increased at 400
nm. These phenomena are correlated and are attributed to the lower diffusion length
of Al atoms, leading to their preferential incorporation at the external facets of NW
sidewalls, which leads to an increase in diameter. At the same time, increasing Al
content causes a reduction in the length of the NWs because Al suppresses the
diffusivity of Ga adatoms on the surface of the sidewalls. Hence, a smaller number of
elements is incorporated in the axial growth and the majority contributes to the lateral

expansion of the structures.[?23]
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Figure 3.2: Statistical analysis of the length (red) and diameter (blue) of the NWs as

a function of their Al content.
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Besides, TEM analysis was conducted to assess the structural and compositional
characteristics of the structures. It is clarified that even though all the samples were
subject to the measurements, the results presented refer to NWs with 20% nominal Al
content to show the typical structural characteristics. Initially, in order to corroborate
the growth mechanism, EDX mapping was performed in the vicinity of the NW tip.
These results are shown in Fig. 3.3a and confirm that the droplet is composed of a
binary Al-Ga alloy, whilst As is not traced within the droplet. This signifies that Al is
absorbed by the Ga droplet during the elemental supply in the reactor, which drives
the VLS growth mechanism of ternary AlGaAs NWs. The absence of As is expected
due to the low solubility of group V adatoms in the Ga droplet. Nevertheless, it is noted
that there are some occasional NWs that deviate from this model. In these cases, the
droplet is composed merely of Ga and no Al is detected possibly because of the high
speed with which Al leaves the droplet after group Ill supply is terminated.?1® This
phenomenon is clearly illustrated while inspecting another NW with the same nominal
Al content. Specifically, the TEM of the structure in Fig. 3.3b marks the direction of the
scanning via the black arrow. EDX line scan of Fig. 3.3c reveal the Al signal at the NW
tip rapidly drops and is reaching zero. Meanwhile, this scan exposes the highly
inhomogeneous NW elemental distribution, with Ga increasing from the NW base to
its tip and Al following the opposite trend. This will be further discussed and more

scans will be presented further on in the current chapter.
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Figure 3.3: a) EDX maps of the droplet region in an AlGaAs NW with 20% nominal Al
content exposing the formation of an Al-Ga alloy in the droplet. b) TEM image of an
individual AlGaAs NW with the same nominal content, with the black arrow showing
the direction of the scan. C) EDX line-scans along the direction of the black arrow in

Fig. 3.3b. The droplet in this case is Ga-only as opposed to other cases.

Moreover, TEM study included a thorough investigation of the NW cross section.
For this purpose, NWs were sectioned perpendicular to the growth direction by the
use of an ultramicrotome. This way, ADF images were acquired for structures with
20% nominal Al content. The ADF of the bottom NW region, close to the base (Fig.
3.4a) reveals darker contrast layers surrounding the brighter inner part of the NW,
which signifies the formation of an AlGaAs shell. The shell is self-formed and exhibits
a significantly higher Al content than the NW core, since bright regions in ADF
correspond to higher content of the heavier element, which in this case is Ga. Vice
versa, darker contrast corresponds to deficiency of the heavier element, marking
regions with higher Al content. The self-formation of an AlGaAs shell has been

reported for AIGaAs NW growth in the past?'%223 and is stemming from the low
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diffusion length of Al, which promotes its preferential adhesion to the external facets

of the NW sidewalls.

The self-formed shell presents two features: namely the variations in its thickness
along the NW axis and the inhomogeneous elemental distribution. The former
characteristic is distinguished by inspecting ADF images at different heights of the axis
(Figs. 3.4b-c), where it can be seen that the thickness of the shell decreases towards
the NW tip. More specifically, the thickness at the base is roughly 35 nm, thinning
down in the middle at 18 nm and eventually vanishing close to the tip, where core-only
NWs are viewed. As expected, the opposite trend is noticed for the core. The
increasing thickness of the core is attributed to the reduction of the V/IlI ratio after the
introduction of the Al material in the reactor, which causes an expansion in the volume
of the droplet.[??6] The thinning of the shell, on the other hand, can stem from the short
diffusion length of Al, as more Al adatoms are adhered to the NW sidewalls, whilst less
Al is available to reach the top facets. This mechanism has been reported in the past
for InGaAs, with a similar explanation having been formulated.?*®! Besides, the top
part is formed later during the growth stages, meaning that it is less prone to develop
a shell, opposite to the NW base which has been exposed to material supply for a

longer period of time.

Regarding the second conspicuous feature of the inhomogeneous distribution in the
shell, the same NW was examined as a representative example. An indicator is
revealed in the ADF of the bottom region (Fig. 3.4a) where contrast variations are
observed in the AlGaAs shell. This observation indicates the formation of intricate
nanostructures with varying Al content, which in turn forms a sequence of quantum
wells (QWSs) and barrier layers. This can also be inferred by a higher-magnification

ADF of the area within the red square of Fig. 3.4a, which is presented in Fig. 3.4d. The
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variations are much more noticeable, while 5 positions at regions with different
brightness were numerically investigated. The results are shown in the table of Fig.
3.4e, which reveals that Al contents in the shell range widely from 65% to almost 89%.
Once again it is noted that the Al composition of the brighter regions is lower when
compared to the darker regions. This phase separation, which manifests itself as alloy
fluctuations, have been presented in the past and have been a focal point of scientific
analysis, as non-uniformity in the composition can profoundly affect the properties of
the structure in ambiguous ways. For instance, on the one hand it can lead to the
appearance of multiple peaks in the optical spectrum, whose overlapping can cause
inhomogeneous broadening of the emission, which could impede the applicability of
the structures in light-emitting devices. However, on the other hand, it opens new
routes and possibilities to be explored for novel, functioning nanostructures. A
prototypical example is the self-assembly of GaAs QDs driven by Al fluctuations in

GaAs/AlGaAs core/shell NWs that has been reported in the past.[*09

It is noted that the extracted values in Fig. 3.4e were obtained via the use of point-
EDX measurements. The quantification of the data in such experiments has been
proven to be highly accurate but there are some factors that need to be considered.
For instance, the impact of probe size and current in the X-ray related experiments is
known. The standard deviation is given by the equation 0=NY2 where N is the number
of X-ray counts in the examined peak after the subtraction of background. The total
error is given by the equation: Error(%)=+3*N-2*100,[24° signifying that more counts
lead to more accurate results. A typical acceptable error ranges between +1% and
+5%. In our particular experiments the error is roughly £2%, which renders the related

experiments accurate.
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Figure 3.4: a-c) ADF images of the bottom, middle and top regions of an AlGaAs NW
with 20% Al content, respectively showing the thinning down and final vanishing of the
AlGaAs shell. The red box in Fig. 3.4a marks the area of focus for Fig. 3.4d. d) Higher
magnification ADF image of the red square of Fig. 3.4a, where the elemental
composition was extracted at the different contrast regions marked with the white
circles. e) Numerical data from the extracted values in Fig. 3.4d, quantitively displaying
the alloy fluctuations. f)High-resolution TEM image of the AlGaAs NW, showing a WZ
insertions and twin defects in the predominantly ZB crystal. One representative twin

defect is marked by the dashed white line along its length.

Next, further TEM probing was required to obtain valuable information that would
allow us to optimize NW design and growth conditions. For this reason, high-resolution
TEM images were recorded to address the AlGaAs NW crystal phase. A typical image
is presented in Fig. 3.4f. The crystal phase is predominantly ZB. It is noted that AIGaAs

is inherently crystallized into the ZB phase, predominantly, due to its nature. Besides,
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the diameter of the nanowires is relatively large, which promotes ZB over WZ
crystallization. However, it can be conspicuously shown that severe twinning and
occasional thin WZ insertions appear in the ZB crystal. The WZ insertions are thin up

to 6 monolayers and they can be attributed to sequential ZB twinning.

The spontaneously formed AlGaAs shell has also been studied via using EDX
mapping. In the following Fig. 3.5a, an AlGaAs NW with nominal 20% Al composition
is investigated via ADF imaging. It is conspicuously shown that contrast variations are
wide in the entirety of the shell region, indicating alloy fluctuations manifesting
themselves as phase separation features. In order to thoroughly examine the
aforementioned phenomenon, EDX mapping of this structures was conducted for Ga
and Al. Itis noted that As is assumed to be homogeneously distributed in the NW shell.
Fig. 3.5b illustrated an image where the individual maps of Ga (Fig. 3.5¢) and Al (Fig.
3.5d) are overlapping, with purple sections signifying Ga-richness and yellow sections
Al-richness. The maps confirm the varying Al and Ga compositions in the shell, forming

a complex compositional distribution in the NW shell.
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ADF Overlapped image
b

Figure 3.5: a) High magnification ADF image of the shell, depicting the contrast
variation. b) Elemental map of the same image as that in (a), where purple and yellow
regions indicate Ga -rich and Al -rich regions, respectively. c-d) Individual EDX maps

of Ga and Al, respectively, exhibiting both Al and Ga-rich regions in the NW shell.”

After having described the peculiarities in the compositional distribution and
morphology of the self-formed shell, the elemental distribution of Al, Ga and As along
the entire length and diameter of the structures will be discussed. This has been
determined by EDX measurements conducted on individual AlGaAs NWs with 40%
nominal Al composition. The results are presented in Figs. 3.6. First, we focus on the
radial scanning of the NW (Fig. 3.6a), where it can be inferred that the effective Al

composition varies widely at the NW cross section. As mentioned earlier, Al tends to

107



be incorporated at the external facets of the NW, which leads to the spontaneous
formation of an Al-rich shell (Fig. 3.6b).[?°0 This is attributed to the intrinsically low
diffusion length of Al, which renders it preferential for Al adatoms to adhere to the side
facets rather than propagate towards the droplet seed. Furthermore, highly complex
and non-uniform distribution is noticed along the NW axis (Fig. 3.6c), where Al is
observed to be much more concentrated on the NW base, due to its low diffusivity,
whilst the top regions in the vicinity of the tip are Ga-rich.[?° |t is interesting to notice
that oxygen distribution follows the same trend as Al, being more pronounced close to
the NW base. This is a direct result of the easy oxidation of Al. The intricacy of the
compositional distribution could be possibly arising from the different diffusivity of Al
and Ga. Specifically, the shorter diffusion length of Al leads to its preferential
incorporation in the external facets and in the bottom region of the NWs, while the
vicinity of the NW top exhibits a significantly higher Ga percentage when compared to

the NW base.
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Figure 3.6: a) Direction of the EDX scanning at the cross section of the NW. b) Graph
of percentage of each element along the direction of the scanning. The peak in Ga
and dip in O and Al at the center of the wire which is the higher brightness segment
of the upper image, confirms our speculations about the Ga-rich core of the structure.
Al is concentrated in the external facets spontaneously forming a shell-like structure.
c) Direction of the EDX scanning along the axis of the NW. d) Graph of percentage
of each element with the distance from the NW tip. In the image below we see the
graph of the percentage of each element with the distance from the tip. The

percentages refer to the center of the NW.

It is significant to mention that the widely inhomogeneous elemental distribution
along the NW axis that has been established from Fig. 3.6b has been frequently
observed in IlI-llI-V NWs and is attributed to the fact that group Ill elements have a
high solubility in the droplets, which means that the stability and balance are sensitive
to the conditions. Nevertheless, there have been efforts to study the impact of growth
parameter alterations on the elemental distribution of IlI-11I-V NW structures. For

instance, InGaP NWs grown via MOCVD have demonstrated widely inhomogeneous
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axial elemental distribution, which has been suppressed by linearly increasing the
supply of In.[?51 This led to increased homogeneity along the NW axis. It is noted,
however, that the application of this technique could be limited in the case of AIGaAs
as the bandgap of the alloy becomes indirect at 40% Al content which hinders their
applicability in optoelectronic devices. Hence, increase in the Al composition should

be carefully designed in order to ensure the direct nature of the AlGaAs bandgap.

It is also known that temperature has a profound impact on the elemental ratio,
hence the composition of the NWs. A paradigm is the study of the effect of parameter
alterations on the composition of InGaSb NWs,??*2 where it has been shown that
increasing temperatures affect the ratio of In and Ga, thus allowing for changes on
the elemental distribution of ternary NWs. It is interesting to mention that the frame
for change of temperature in the case of AlGaAs is relatively narrow as high
temperatures lead to reduced supersaturation, hence slower axial growth rate.[?28l
However, increasing Al content improves thermal stability due to the enhanced
AlGaAs barrier layers and the self-formed Al-rich shell. This could allow for a wider
window for the optimization of the growth temperatures. Nevertheless, due to the
challenges related to the sensitive nature of the growth and the indirect nature of the
AlGaAs bandgap for Al content above 40%, there are no extensive reports regarding
the study of the parameter change on the elemental uniformity of AlGaAs NWs.

Hence, further works on this particular topic are important.
3.3) Growth Mechanism of AlGaAs Nanowires

Following the structural measurements and interpretation of the obtained results
and prior to conducting optical experiments on the AlIGaAs NWs, it is important to

establish the growth mechanism. The formation of the AlGaAs NWs is regulated, in
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principle, by the diffusivity of Al and Ga adatoms. As already explained in the
introduction, the incoming elemental fluxes can lead to either atoms being
incorporated via direct impingement on the droplet seed or atoms adhering to the
structure by diffusing along the NW sidewalls. In the second case, the diffusion length
of Al and Ga are important for the spontaneous formation of the AlGaAs shell and its

morphology of varying thickness.

The much longer diffusivity of Ga renders it preferential for the Ga adatoms to
reach the group Il droplet and hence patrticipate in the axial elongation of the NWs
via the VLS growth mode. This is the source of the higher percentage of Ga that is
exhibited in the core, which is even more pronounced in the vicinity of the tip.
Opposite to this, the short diffusion length of Al makes it challenging for Al adatoms
to reach the group Il droplet as they are most likely adhered to the sidewall facets
via the VS growth mechanism occurring during lateral NW growth. The above
procedure is illustrated in the schematic representation of Fig. 3.7. It is noted that the
core is presented in light blue, while the Al-rich, AIGaAs shell is illustrated in dark blue
in the corresponding figure. Specifically, in Fig. 3.7a, the Ga droplet is formed via
deposition of Ga atoms on the Si substrate. In Fig. 3.7b, As is introduced and the first
600 nm of bare GaAs stems are formed. Furthermore, Al is introduced in the reactor
and the ternary NW growth begins. The elongation of the NW at the first stages is
originating from direct impingement of Al and Ga on the droplet or to diffusion on the
Si substrate. As the length increases (Fig. 3.7c), the lower diffusivity of Al leads to
less Al adatoms reaching the droplet. Hence, the core is Ga-richer. On the contrary,
Al preferentially adheres to the sidewalls leading to the self-formation of the Al-richer
shell. It is also noted that the shorter diffusion length of Al explains two observations.

First the higher concentration of Al in the bottom region of the NW core, when
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compared to the NW tip and second the decreasing thickness of the shell from bottom
to top. Finally, the elemental supply is terminated and the NW growth stops. At this
stage it is clear that the NW tip is comprised of a core-only structure which contains
a higher Ga percentage than Al (Fig. 3.7d). This mechanism is in accordance with all

the aforementioned findings of the TEM analysis.
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Figure 3.7: a-d) Schematics of the growth mechanism of the AlIGaAs NWs, revealing
the realization of the spontaneously formed Al-rich AlGaAs shell, with decreasing
thickness from bottom to top, depicted in dark blue. Ga, As and Al atoms are depicted

in red, green and purple colors, respectively.
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3.4) Optical probing of AlGaAs Nanowires

As mentioned earlier, ternary AlGaAs NWs have the potential for ameliorated optical
properties in terms of the intensity of the emission, the linewidth and the tunability of
the emission wavelength. It is noted however that NWs were not tailored and
spontaneously adopted an inversely tapered shape that was described in the previous
sections. For the optical probing of the NW samples, we measured NWs with nominal
composition of Al varying between 10% and 30%. It is highlighted that Al-richer NWs

of 40% nominal content were also probed but no optical signal could be detected.

Specifically, low temperature yPL was carried out on individual NWs with nominal
content within this range. Three representative spectra, each corresponding to a single
NW from each sample, are presented in the inset of Fig. 3.8a, Increasing Al content
leads to a non-negligible blueshift of the emission, due to the increasing bandgap
energy. The outset of Fig. 3.8a demonstrated room temperature macro-L
measurements on the NW ensemble. The first, important conspicuous feature is the
robust room temperature emission, which renders the structures promising for device
implementation. Besides, PL measurements can provide us with valuable data to
estimate and assess the real composition of the structures, which is important for their
future design and functionality. The real composition of the NWs was calculated via
employing the empirical equation Eg(x)= 1.422 + 1.2475x, where X is the Al fraction
and Eg is the bandgap energy at room temperature.?>?l Based on the emission
wavelengths of the RT ensemble (Fig. 3.8a outset) and corresponding them to
bandgap energy, the effective Al composition of the samples with 10%, 20% and 30%
nominal Al content is 7+2%, 13+3% and 22+4%, respectively. It is noted that these
estimated contents correspond to an optically average value that was determined by

PL measurements. The actual compositional distribution may exhibit wide variations
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along the NW axis and cannot be determined with high precision. The fact that room
temperature emission is strong exhibits the potential of these structures as on-chip
light sources, taking into consideration their relatively easy integration on the mature
Si platform. Nevertheless, two factors should be considered, namely the lack of
emission from samples with 40% Al and the high complexity of compositional
distribution and structural features that could deteriorate the optical performance.

These two factors indicate that further optimization of the growth is required.

Meanwhile, yPL spectra were obtained at low temperature (roughly 6 K) at different
positions along the NW axis. The laser spot was about 1 ym and the excitation
wavelength was 515 nm. This enabled us to evaluate the spatial variation of the Al
content. For each NW, spectra were acquired at equidistant positions along its axis.
The results are presented in Fig. 3.8b, the top axis of which is calibrated to indicate Al
composition using the AlGaAs bandgap vs composition relationship at 6 K. The length
of each NW is also indicated in the corresponding figure. The first, distinct feature of
the spectra is the multiple, sharp emission lines of varying intensity and position along
the NW axis. This phenomenon is stemming from the fluctuations in the distribution of
AlGaAs composition. Specifically, due to the very low incident laser power, which was
roughly 6 yW, a low density of localized states generated by the aforementioned alloy
fluctuations are excited and recombine producing the sharp emission lines. The peaks
are weaker in the vicinity of the NW ends and are much more robust in the middle
region of the structures. Due to the necessary NW preparation for yPL measurements,
which included their transfer onto different substrates, it is impossible to distinguish
the bottom and top facets with certainty. It is interesting to observe that increasing
laser power led to the replacement of the series of sharp peaks by a broad, continuous

emission, more reflective of the average Al content. A representative spectrum
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depicting this broadening of the peak due to coalescence of the sharp series of peaks
is shown in Fig. 3.8c, for an individual NW with 20% nominal Al content. The Al
compositions estimated from the high-power spectra are 6%, 13% and 22% for NWs
with 10%, 20% and 30% Al content, respectively. These values are in reasonable

agreement with the ones based on macro-PL measurements.
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Figure 3.8: a) Outset: Room temperature PL measurements of the AlGaAs NW
ensemble with different Al contents. Inset. Single AlGaAs NW uPL spectra are
depicted. b) Position-dependent yPL spectra for samples with 10% (red), 20% (blue)
and 30% (green) Al content. Based on the peaks, the spatial variations of Al content
are marked at the top axis. ¢) Power-dependent spectra from an individual NW with

20% nominal Al composition, where the broader peaks at higher powers are viewed.
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It is interesting to clarify that the optical response as determined by the PL analysis
of the AlGaAs NWs that we acquired has been substantially different from the well-
studied PL response of binary GaAs NWSs. First and foremost, the location of the PL
peak is different as a result of the bandgap change of the alloy with the introduction of
Al. In the reported works the GaAs NW peak is located at a range of 1.45-1.52 eV,
corresponding to wavelengths between 816 nm and 855 nm, depending on the
structure, 253 doping?>¥ or substrate used for the growth.[?5% On the contrary, in our
case the peaks were located at essentially lower wavelengths ranging from 720 nm to
805 nm, depending on the Al content. That is anticipated as the inclusion of Al in the
alloy leads to a higher bandgap energy. This has been examined in the past via
comparing bare GaAs NWs with multilayer GaAs/AlGaAs NWSs, observing that the
peak of the AlGaAs-containing samples is located at higher energies (lower
wavelengths) when compared to the peak of bare GaAs samples.[?'% |t renders
AlGaAs NWs attractive for tunable red and near-infrared light emission and other

applications in this range of the spectrum.

The growth conditions are crucial in terms of the optical properties of AlGaAs NW
structures. First and foremost, Al content regulated the emission wavelength, as
increased Al presence causes a blueshift of the emission peak, as observed above.
Considering that the Al content is controlled by the Al/Ga and V/III ratio, these
parameters are linked directly to the optical properties of the structure. For instance,
in our experiments we see that increasing Al/Ga ratio and decreasing V/III ratio leads
to higher Al content in the samples, while it is mentioned that 40% Al samples did not
emit light. Moreover, the duration of the growth is important, as reduced growth time
does not allow for axial structures to be fully developed and impacts their morphology

and crystallinity, which can have an impact on the optical properties of the NWs.[228]
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For this reason the duration of growth in our work was chosen to be 100 mins, which
was enough for the realization of fully-formed, axial NWs. Importantly, temperature is
also a key factor, as increased temperatures could cause reduction of the PL
signal,??8l while on the other hand reduced temperatures render inhomogeneous
elemental distribution easier, which can lead to suppression or significant broadening
of PL peaks. Ergo, it is important to carefully optimize the growth parameters while
designing and fabricating the structures. In our case, the moderate growth temperature
allowed for robust PL peaks being presented, while the non-uniform distribution did

not significantly distort optical features.

It is also mentioned that bare GaAs without the additional growth of a shell are
rendered sensitive to surface-related processes in terms of their optical properties. It
has been shown that unpassivated GaAs NWs can exhibit a surface charge density of
roughly 10*? cm 2 which leads to carrier depletion in the surface, while in GaAs/AlGaAs
core/shell NWs grown via the same method carriers recombine through surface states
mainly.?>6l On the contrary, in the case of AlGaAs NWs, the AlGaAs shell is
spontaneously formed, providing surface passivation which can eliminate carrier
trapping at surface states. The spontaneous formation of the shell ensures surface
passivation without having to modify the growth conditions. Based on the above, it can
be inferred that the importance of the AlGaAs NW optical properties is based on the
tuning range of the emission depending on the composition of the ternary alloy and
their suitability for red and near-infrared light emission, along with the inherent surface

passivation via the spontaneous core/shell configuration.

It is interesting to point out that there is a spotted inconsistency between the TEM
data and the calculated compositional values based on the PL experiments. Whilst

TEM reveals effective Al compositions higher than the nominal values, calculations of
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the bandgap based on the PL emission peaks correspond to largely lower Al contents.
This can be clearly deduced by the values demonstrated in Table 2 below, where the
PL-based content is significantly lower than the EDX measured values or the nominal

composition. In order to interpret this situation, three potential reasons were reflected.

Nominal Al % EDX Al % PLRT Al % pPL 6 K Al %

Range Mean Value and Standard Deviation

10 11-18 13.5£2.3 (=2 5+1.2
20 17-48 29+5 13£3 13£2.2
30 32-49 39+5 2244 22+1.4

Table 2: Effective Al contents based on EDX measurements and PL-based

calculations, respectively.

Initially it is significant to mention that the higher Al content deduced by the TEM
data is anticipated for the NW growth. The reason for this is that under the temperature
conditions that prevailed during growth (640°C), the formation of Al-rich clusters and
unintentional superlattices is promoted.[?61 On the contrary, the nominal values are
based on earlier calibrations for thin film growth at lower temperature. Hence, the
effective Al content is expected to be higher than the nominal. A potential factor that
participates in the lower Al content inferred by the PL spectra is that there is a thick
epilayer between the NW root and the Si substrate that is formed during AlGaAs
growth, which could shift the peaks to lower wavelengths and affect the calculations.
Nevertheless, this phenomenon is rapidly excluded as the actual cause of the
discrepancy for two main reasons. First, similar results of lower Al content than the
nominal were deduced via the yPL measurements as well, where the samples were

transferred onto SiO2 substrates and the epilayer was absent. Second, if the epilayer
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was optically active, we would expect a second peak at the lower wavelength range,
which is not the case. As a result, the impact of the AlGaAs epilayer on the optical

measurements can be considered negligible.

Next, a second factor that needed to be taken into consideration is the polytypic
nature of the NWs, that was mentioned earlier. This can be observed in the TEM image
of Fig. 3.9, where the ZB phase is interrupted often by twinning segments, whilst there
is a conspicuous WZ insertion at the bottom of the image, as marked in the figure. It
is already known that the bandgap of WZ AlGaAs is effectively higher than the one of
ZB AlGaAs, which signifies that carriers could diffuse into the WZ sections prior to
recombination, leading to emission peaks shifted at lower wavelengths, which
correspond to lower Al contents.[?>” This can be further supported by the results of the
calculations for the Al content based on PL measurements if we consider ZB or WZ
phases, respectively (Table 3). It can be inferred that the values for WZ phase AlGaAs
match the nominal contents and the effective contents measured by EDX much better.
This theory can have an impact on the inconsistencies observed between the two

types of measurements used to define the bandgap of the alloys.

Last, it is considered that the compositional distribution exhibits significant variations
along the axis of the NW (as easily distinguished in Fig. 3.6d). Under these
circumstances, most contribution of PL emission may derive from the lower energy
bandgap of the AlGaAs NWSs, which presents a lower percentage of Al, when
compared to the average value. On the contrary, EDX data better reflect the average
value of the non-uniformly distributed elements along the NW axis. It is also possible,
if we reflect on the wide range of the compositional variations that were described
earlier in the text. For this reason, the calculated values are lower than the ones

observed in the EDX analysis earlier.
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6 monolayers :I— WZ region
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Figure 3.9: TEM image showing a WZ insertion of 6 monolayers in the predominantly
ZB crystal of AlIGaAs NWs. Three typical twin defects that alter the polarity of the ZB

planes are also marked.

Nominal Al % ZB Al % (uPL-based) WZ Al % (pPL-based)

10 5+1.2 9.65+0.05
20 13£2.2 20.2£2.3
30 22+1.4 35.8+0.8

Table 3: Comparison between PL-based calculated Al contents for ZB and WZ crystal

phases of AlGaAs, respectively.
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3.5) Comparison of our work with previous works on AlGaAs

Nanowires

After having analysed our experimental results on the topic of AlGaAs NWs, we
consider it important to briefly compare our work with the cited literature of the same

field, in order to underline the major findings and contributions of our research.

The interest on AlGaAs NWs is mainly based on its potential to be combined with
the popular and vastly explored GaAs due to their lattice match. With respect to GaAs
NWs, self-catalysed approach has been used in the past regularly with important
contributions having been reported. For example, a thorough scrutiny of the structural
properties of GaAs NWs allowed for the study of the crystal phase and its dependence
on NW features such as the diameter or the contact angle of the solid with the liquid
droplet.’1?l GaAs NWs have been found to be crystallized predominantly in the ZB
phase, however regular polytypic features with WZ insertions have been observed.[?1>
214] In addition, tuning to predominantly WZ GaAs NWs has been accomplished.[?1%]
Be-doping has also been found to improve material quality in GaAs NWs.[26]
Regarding their optical properties, GaAs NWs typically emit in the vicinity of 870 nm,
signifying that they are ideal as near-infrared light-emitters. The peaks present a
narrow linewidth provided that the material quality is high which ensures that crystal
defects do not act as scattering centres. Moreover, the combination of GaAs/AlGaAs
NWs in core/shell architecture has been thoroughly researched.[18224-226] As a result
of the lattice match, there is no significant strain in the core/shell interface, hence no
major dislocations are anticipated. The AlGaAs shell allows for enhancement of the
PL by confining the carriers in the core region, while acting as a means of surface

passivation reducing surface recombination./*”] The main emission derives from the
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NW core which means that it is expected to be located in the near-infrared region of
the spectrum. This is in stark contrast to our material platform, which can also emit in
the red region depending on the Al composition of the alloy. Besides, this is one of the
most important advantages of employing ternary alloys for nanoscale structure

realization.[44

On the other hand, AlGaAs NWs have not been realized before via the self-
catalysed VLS growth method.[?26:228] Prior to the current research, the successful
growth of Au-assisted AlGaAs structures has been reported. The results revealed the
self-formation of a rough AlGaAs shell similar to our case, with inhomogeneous
elemental distribution along the NW axis and comparatively more uniform distribution
at the cross section. Higher Al percentages have caused tapered morphology in the
past.2?8] The growth temperature is also important for the morphology of the NWs,
with higher temperatures leading to slow axial growth rates affecting the dimensions
of the structures.[??®! Tuning of the emission has also been noticed in previous works
with distinct peaks having been traced.??8] It is noted that despite the interest in
AlGaAs, literature on this topic has been substantially less compared to GaAs, owing
to the challenges of the llI-llI-V ternary alloy implementation in nanostructure

synthesis, which was commented in chapter 1.

Compared to the aforementioned works and despite the common results, the vital
difference in our research is the use of Ga droplets as catalysts, which eliminates Au-
induced contamination and renders the NWs compatible with CMOS technology
applications. Importantly, the growth parameters that we used, most notably the high
Ga flux, allowed for the shell to adopt an increasingly rough surface, which formed
concavities. This is key for the spontaneous formation of AlGaAs branches that will be

examined in the following chapter and present intriguing structural characteristics. The
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peaks were robust demonstrating the suitability of the structures for light-emitting
applications, while such NWs are ideal for hosting GaAs QDs with promising potential
in novel functions such as quantum computing, as will be discussed in chapter 5 of the

current thesis.
3.6) Summary and Conclusions

To summarize, we demonstrated the successful growth of AlIGaAs NWs via the self-
catalysed approach for the first time. It is reminded that this growth method eliminated
Au-related contaminations that render the structures incompatible with CMOS
applications and drive electronics. Specifically, AlIGaAs NWs with varying Al content
of 10%, 20%, 30% and 40% were synthesised. The structures were predominantly
vertically oriented with respect to the Si substrates, which signifies that they elongate
along the energetically favoured (111) direction. Nevertheless, deviations can be
conspicuously observed, especially at higher Al contents, with morphological
variations being developed. This phenomenon along with the analysis of one peculiar

type of variants will be described in detail in the following chapter of the thesis.

The NWs were thoroughly scrutinized via TEM measurements. Their growth was
initiated by droplets comprised of an Al and Ga alloy, with some cases of Ga-only
droplets being distinguished. As previously observed in existing literature, the self-
formation of an Al-rich shell was exhibited, attributed to the shorter diffusion length of
Al adatoms that tend to adhere to the NW sidewalls closer to the base. The shell
presented two distinguishable features, as it was thicker close to the base and grew
thinner towards the top, leading to the vicinity of the NW tip being core-only structure.
Second, the shell presented wide alloy fluctuations manifesting themselves as phase

separation, forming intricate nanostructures comprised of sequential QWs and
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barriers. The crystal structure was also investigated and it was confirmed that the
crystal phase is predominantly ZB. This can be attributed to the relatively large NW
diameter, which inherently promotes ZB crystallization,®8 as mentioned earlier in the
current thesis. Nevertheless, it can be seen that a high density of twin defects and

occasional WZ insertions, a few monolayers thick, are presented in the structures.

The AlGaAs NWs were optically probed via PL measurements. The emission was
fully tuneable with Al content. Specifically, increasing Al concentration caused a shift
of the peak towards lower wavelengths due to the widening of the bandgap energy.
Furthermore, position-dependent uPL revealed robust peaks in the middle of the NWs,
while sharp transitions were observed in the vicinity of the NW ends, stemming from
the highly inhomogeneous Al distribution. Eventually, increasing power of excitation
caused the initially sharp peaks to be replaced by broad emission, more reflective of

the average Al composition.

Interestingly, the calculated compositions based on PL measurements were lower
than the nominal, while the values measured via EDX measurements were higher.
This disagreement is potentially attributed to the fact that PL addressed parts that have
a lower energy bandgap, thus reflect a lower Al content. The above appear as a result
of the highly inhomogeneous Al distribution that was exhibited in all the grown
samples. Nevertheless, more works are necessary in order to conclusively interpret

this phenomenon.

In conclusion, the self-catalysed AlGaAs NWs presented interesting morphological
and structural characteristics, with the major phenomena being linked to the self-

formation of the AlGaAs shell. The PL measurements showed good tunability features
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of the emission peak, while the robustness of the peaks even at RT displays the

suitability of the NWs for on-chip light-emitting applications.

After having examined the morphological, structural and optical features of AlGaAs
NWs, we will proceed with describing a morphological variation frequently
encountered in our samples, namely the branched AlGaAs NWs. The next chapter will
unveil the peculiarities of this 3D form of NWs and inspect their origin and their

potential in device applications.
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Chapter 4: Branched AlGaAs Nanowires

4.1) Morphological and structural analysis of AlGaAs branched

nanowires

As described in the previous chapter, SEM analysis on AlIGaAs NWs allowed us to
visualise and comprehend their morphology before proceeding to TEM analysis in
order to conduct their structural evaluation. For clarity, a typical SEM image of NWs
with 10% Al content, which includes these variations is exhibited in Fig. 4.1a. Whilst
the majority of the individual NWs are perpendicularly oriented on the Si substrate,
there is a percentage that adopts different configurations. It is significant to underline
that the variations were noticed on the AlIGaAs NW samples that were grown via the
same procedure and parameters as described in the initial section of chapter 3. The
two common variations that were frequently encountered in all the samples are the
kinked NWs and the branched NWs. Typical examples of a kinked and a branched
AlGaAs NW are presented in Fig. 4.1b and 4.1c. Kinked NWs are attributed to the
supply of Al that reaches the Ga droplet, which has an impact on the favourable
nucleation and induces growth along directions other than <111>. NW kinking reduces
the yield of vertically oriented structures and affects the NW density on the Si
substrate. Nevertheless, even more intriguing is the second type of variant, the
branched NWs (Fig. 4.1c). In this case, AlGaAs NW branches are gown on the sidewall
facets of the backbone of standing NW that is called the trunk. It is clarified that the
angles that branches form with the NW trunks is 60°, thus adopting a 6-fold symmetry.
These features will be described and inspected by means of top-view SEM images

and will be discussed in more details later in the current chapter.
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Figure 4.1: a) Typical, representative SEM of an AlGaAs NWs sample with 10%
nominal Al content. b-c) The two typical variations, namely the kinked NW and the

branched NW, respectively. In all of the figures the tilting angle was 30°.

NW branching events lead to a 3D, hierarchical geometry of the structures. This
morphological peculiarity has vast potential for devices, such as solar cells as
described in Chapter 1 of the current thesis. Owing to the increased scientific interest
that they present and the findings associated with their morphology, we concluded that
it was important to inspect this type of NW structures more thoroughly. Ergo, higher-
magnification SEM images of the samples with 10%-40% nominal Al content were
obtained. This enabled us to focus on a single branched structure from each sample.
The results of the SEM imaging are illustrated in Figs. 4.2a-d. The presence of the
branches is confirmed in all of the grown NW samples. It is reminded that the NW
trunks are elongated along <111> direction and are perpendicularly oriented to the Si
(111) substrate. As mentioned in Chapter 3, Al-richer samples are wider and shorter,
whilst more pronounced branches are conspicuously viewed. It is noted that the angle

of tilting is again 30°.
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Figure 4.2: a-d) SEM images with 30° tilting angle of individual AIGaAs branched NWs

with 10%, 20%, 30% and 40% nominal Al content, respectively.

A brief statistical analysis was conducted on 100 individual NWs, to assess the
number of branching events as a function of the nominal Al composition. The results
are presented in Fig. 4.3, where it can be inferred that at low Al content of 10%, 20%
and 30% the percentage of standing NWs that developed branches on their sidewall
facets was limited to roughly 10-15% of the studied NW sum. However, for 40%
nominal Al composition, this percentage is rapidly enhanced at 60%. This
phenomenon is originating from the direct impact that increasing Al has on the number
of the branches via altering the morphological features of the NW trunk, which will be
analysed further on in the current thesis. It is noted that another possible contributing
factor could be the expansion in the volume of the droplet caused by the increased
group I flux,!?#81 which could lead to the droplet sliding along the NW sidewalls, thus
provoking the VLS growth of more branches. This method has been applied in the past
for branched NW growth via the so-called “droplet confinement”.[1921 Nevertheless, we
do not anticipate droplet sliding to be the stem of the increased branching events for
two reasons. First, the branches that are realized are multiple in several cases and
exhibit principal hierarchical characteristics, as observed by the longer branches that
are grown in the vicinity of the NW base. This would be unlikely in the event of droplet
sliding. Second, in the overwhelming majority of the cases the droplet in the tip of the
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trunks is well formed, as observed in the SEM images that are demonstrated in Figs.
4.2, where the spherical seeds are conspicuously shown. Ergo, the most possible
explanation of the increased branching events with increasing Al composition is the
roughening of the surface of the shell. More details of this phenomenon will be
provided further on in the current thesis along with theoretical calculations in order to
formulate the growth mechanism of the branched NWs and interpret their presence at

Al-rich structures.

10 20 30 40
Al 0 L]
Figure 4.3: Graph of the branching percentage of the samples, as a function of the
nominal Al composition. The branching events are highly pronounced at the highest

Al content used.

After the interesting observations regarding the branched NW morphology, it is
crucial to separately investigate the structural properties of the trunks and the
branches. For this purpose, STEM analysis was performed via acquiring bright field
(BF) images, which are depicted in Fig. 4.4a. The low magnification BF image in the

inset of Fig. 4.4a confirms the 90° angle formed between the NW trunk and the branch,
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signifying that in principle the branches are orthogonal with respect to the NW
backbone. Based on the crystallographic orientations, the elongation of the branches
is inferred to be <112>. This can be further supported by top-view SEM that will be
presented later in the current chapter. A higher magnification image of the orange
square is presented in the outset of Fig. 4.4a and gives us a more detailed perspective
of the branch/trunk junction. Further high magnification BF images along the interface
in areas similar to the one marked with the green square in Fig. 4.4a expose the crystal
structure which is identical for both the branch and the trunk (Fig. 4.4b). It is also
important to point out that WZ insertions and extensive twinning coexist in the crystal
and extend from the NW trunk to the branches. This phenomenon confirms the
continuity of the branch growth. Despite the twin defects, no dislocations or grain
boundaries are noticed. In addition, the FFT patterns from BF images at different areas
(marked by blue and red squares in Fig. 4.4b) from both the branch (Fig. 4.4c) and the
trunk (Fig. 4.4d) have identical orientations, which corroborates the epitaxial nature of
the growth. It is also interesting to observe that the FFT patterns exhibit streaky
features, which signify phase impurity and specifically, crystal defects and WZ phase
insertions in both the branch (Fig. 4.4c) and the trunk (Fig. 4.4d). This is in accordance
with the polytypism and the complex crystallinity of AIiGaAs NWs that was described

in Chapter 3 of the current thesis.
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Figure 4.4: a) Inset: BF image of an individual branched NW, demonstrating the
perpendicular orientation of the branch with respect to the trunk. Outset: High
magnification of the orange square of the inset, focusing on the trunk/branch junction.
The green square marks the area of focus for Fig. 4.4b. b) High-Resolution ADF of the
trunk/branch junction, revealing the identical crystal phase between the two parts. The
blue and red square mark the area for the FFT of the trunk and the branch,
respectively. c-d) FFT patterns of the branch (4.4c) and the trunk (4.4d), which are

identical, corroborating the epitaxial nature of the growth.
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Further inspection of the directionality of the branches can be conducted by more
in-depth SEM measurements that were carried out. In Fig. 4.5a, we present a typical
branched NW with 40% Al content, that was already displayed in Fig. 4.2d, for clarity.
It is distinctly noticed that three branches with stringent hierarchical features are
nucleated on the NW backbone. Fig. 4.5b illustrates the top-view SEM of such a
structure. It can be seen that the branches form a six-fold symmetry if we consider the
extensions of each branch on the other side of the trunk. This can be further
established by measuring the angle between two consecutive branches, which is 60°.
This unambiguously verifies the symmetric configuration. In addition, the branches are
vertical on the NW trunk, which is known to elongate along (111) direction.
Furthermore, if the trunk is imaged in the (110) zone axis, the branches are again
vertical to the NW trunk. In addition, it is important to remember that since the nature
of the growth is epitaxial the branches and the trunk are located in the same zone axis
Based on the above and considering the basic schematic representation for the
crystallographic orientation that is presented in Fig. 4.5c, the direction that is
perpendicular to both (111) and (110) is (112). From the above it can be convincingly

concluded that the branches are elongating along (112) direction.
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(110)

Figure 4.5: a) Representative SEM image of a NW with three branches and a nominal
Al content of 40%. The tilting angle is 30°. b) Top-view SEM of the NW with the three
branches, revealing a six-fold symmetric geometrical configuration. ¢) Schematic of

the investigated crystallographic orientations.

4.2) Growth of AlGaAs Branches and Interpretation

4.2.1) Growth Model and First-Principles Calculations

Following the microscopy scrutiny of the branched AlGaAs NW structures,
theoretical calculations via the Vienna ab-initio software package (VASP) were
conducted in order to establish the growth mechanism and the principles lying beneath
it. It is important to mention that for the modelling, GaAs NW trunks were assumed
instead of AlGaAs, to focus on the mere behaviour of Al adatoms adjacent to the
branch/trunk interface. The calculations were performed using the Perdiew-Burke-
Ernzerhof (PBE) functional and the generalized gradient approximation (GGA) within
the density functional theory for the exchange-correlation energy. The projected
augmented wave (PAW) pseudopotentials were adopted while the kinetic cutoff
energy was set at 560 eV. The Monkhorst Pack reciprocal k-points grid was sampled

by sums over 1x1x13.
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The models are depicted in Figs. 4.6a-b, with Ga and As depicted as brown and
cyan spheres, respectively. The ternary NWs are modelled by introducing Al adatoms
in the branched GaAs NWs, where Al replaces Ga atoms at various positions either at
the branch/trunk interface (Fig. 4.6c) or to exemplary positions away from it (Figs.
4.6d-g). In these designs, the number of atoms is fixed at 180. In Figs. 4.6¢c-g, Al atoms
are depicted as yellow clusters. For these figures, the Al content ranges at 1.1%, 2.2%,
3.3%, 4.4% and 5.5%, respectively. Despite the fact that the aforementioned numbers
are much smaller than the nominal values, which was chosen due to computational
limitations, the basic interpretations and conclusions that will be drawn from the VASP
modelling are valid for the experimentally realized structures. The modelling was
conducted with few Al atoms, whilst considering that the remaining Al atoms in the
branched NWs are distributed randomly and their contribution will be eliminated after

the comparison of the total energy of the different configurations.

Based on the above, the variation of the formation energies (dA) for the depicted
models was computed. It is noted that the selected configurations are realized with the
aim of maintaining stoichiometry. In order to imitate the grown samples, the models
have the same geometric designs, as only the Al content and the Al adatom location
is considered for the comparison. Using these, the calculations were performed via

the following equations:

OA= En-EO-XEA,

En=(90-X)EcatXEa+90Eas+An
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where, Eca, Ea and Eas are the total energies of single Ga, Al and As atoms,
respectively. An is the formation energy of the “n” branched NW model, x is the number
of Al atoms and Eo is the total energy of pristine GaAs. Ea=Ea-Eca is a term
representing the total energy difference in vacuum, which was introduced to eliminate
energy differences which might arise from the unequal number of Al adatoms in the

models. Hence, dA is solely determined by the various positions taken by Ga and Al

atoms in the model, regardless of the number of atoms that are doped.

The results are shown in Fig. 4.6h where the trend of variations in dA exposes that
Al atoms preferentially accumulate away from the branch/trunk interface. This can be
inferred by the energetically favoured states that they occupy, while Ga is preferentially
positioned at the interface. From these, the growth mechanism can be deduced, which
is attributed to preferential Ga accumulation at the rough surface of the Al-rich shell.
The high density of twins leads to the increase of the roughness of the shell, forming
concavities where Ga accumulates.[?>8-259 The accumulated Ga atoms amalgamate
as droplets and cause the branch elongation. It is noted that higher Al composition
leads to thicker shell with more pronounced concavities for Ga accumulation, which
could potentially explain the enhanced branching events with increasing Al content.
Unlike other works that induced deliberate branch growth on the NW sidewalls, [189-192]
the growth of branches in these samples took place spontaneously. For clarity, a
schematic representation of the growth mechanism is provided in Fig. 4.7. The liquid
Ga droplet acts as a collector (Fig. 4.7a) which causes the nucleation of a solid
monolayer and eventually leads to the NW elongation according to the VLS growth
mode (Fig. 4.7b). The shell presents concavities due to its rough surface. Ga
accumulates in the concavities (Fig. 4.7c), which leads to the nucleation and

subsequent growth of the AlGaAs branches (Fig. 4.7d). Adatom accumulation on the
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NW sidewalls has been reported in the past as the source of NW branching events,
for GaAs/GaAsBi core/shell NWs[?6 and GaSb NWs.[?61 However, growth of
branches in AlIGaAs NWs has not been observed before, even though the self-formed
shell was present in all cases. The fact that this is the first time that spontaneous
AlGaAs branches are formed can be attributed to two reasons. First and foremost, the
growth duration in this work is long, resulting in the shell surface being excessively
rough. Second, Ga flux that is chosen in this work is adequately large, which assists
in two ways. Initially, it further enhances the roughness of the shell and additionally it

promotes the Ga adatom amalgamation as droplets.
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Figure 4.6: a-b) Top view and side view of a GaAs branched NW, where Ga and As
atoms are depicted as brown and cyan spheres, respectively. c-g) Al atoms (depicted
in yellow) replace Ga atoms at different positions at the interface (Fig. 4.6c) and away
from the interface (Figs. 4.6d-g). h) The continuous reduction of the formation energies

for the different configurations in Figs. 4.6c-g.
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Figure 4.7: a-d) Schematics of the growth mechanism of the 3D branched AlGaAs
NWs. a) Ga droplet acts as a collector for the adatoms, which leads to the nucleation
of a monolayer. b) NW elongates following VLS growth mode, with a rough self-formed
shell being present. ¢) The concavities of the shell cause Ga accumulation, which act
as droplet for the branches. d) Nucleation and growth of the branches perpendicularly

to the NW trunk.
4.2.2) Calculations of growth rate and volume of the trunks

Based on all of the above, one conclusion that could be drawn is the calculation of
the branched AlGaAs NW growth rate. In order for this to happen, it should be taken
into consideration that the growth duration was 100 mins for all the samples, no matter
what their nominal composition was. Additionally, it should be considered that As flux
was kept stable at 2.7x10°° Torr, while Ga flux was fixed at a value so that As/Ga beam
flux ratio was 15. This means that Al supply was the only contributing factor to the
morphological alterations of the branched AlGaAs NWs. From the statistical analysis
of the NW trunks (Fig. 3.2), the average values of the NW trunk length are 8 ym, 6 um,
5 um and 4 pm for 10%, 20%, 30% and 40% nominal Al composition, respectively.
The first 600 nm of the NW trunks corresponded to bare GaAs stems that were grown
for 10 mins before Al was introduced in the MBE system. From these details, the
values of the axial growth rate for Al contents 10%-40% are 1.23 nm/s, 0.9 nm/s, 0.73

nm/s and 0.57 nm/s, respectively. The noticed decrease of the axial growth rate with
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increasing Al contents is anticipated because of the trend of Al to be adhered to the
side facets rather than incorporate in the droplet and participate in the axial VLS
growth, as a result of its low diffusivity, that was described earlier. Besides, Ga
diffusivity is suppressed by the increased Al supply.?23 It is important to clarify that in
real experimental conditions the structures cannot be growing by the same amount in
each unit of time. Nevertheless, the approximation of linear growth rate that was used
above leads to values that are considered valid as they are corroborated by the
experimental findings. The volume of the NW trunks can also be calculated. It is noted
that precise computations are rendered intricate due to the asymmetric and irregular
NW shape. However, it can be assumed that NWs are perfectly cylindrical which is a
sufficient approximation. The average volume is thus calculated by the formula
V=mr?h, where r is the radius of the NW end and h is the NW height. The average
diameter of the samples with 10%-40% Al content derive from the statistical analysis
of Fig. 3.2 and are 100 nm, 125 nm, 150 nm and 200 nm, respectively. Based on the
above, the volumes of the four samples with increasing Al compositions are 0.25 um3,

0.29 um?, 0.35 ym3 and 0.5 ymé3.
4.3) Novel observations in AlGaAs nanowire branches

Further STEM measurements were carried out on the AlGaAs NW branches in
order to explore their compositional distribution. This procedure was considered
necessary, not only for the comprehension of the branched NW behaviour, but also
due to the novelty that self-catalysed AlGaAs branched NWs present. It is important
to mention that the previous, reports on AlGaAs NWs are describing Au-catalysed

growth mode, whilst branched AlGaAs NWs have not been reported so far.
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As a first step towards their compositional characterization, ADF images were
obtained, which reveal conspicuous bright stripes along the growth axis of the
branches. This is distinctly viewed in Fig. 4.8a. It is reminded that bright regions in
ADF images indicate increased presence of the heavier element, which in this case is
Ga. For clarity, five of these stripes are shown by blue arrows in the aforementioned
figure. More importantly, via inspection of a higher magnification ADF image of the
NW branch (Fig. 4.8b), an additional set of bright stripes, perpendicular to its growth
direction, can be noticed. The two types of stripes will be referred to as axial and
perpendicular stripes, respectively, for the rest of the thesis. The axial and
perpendicular stripes intersect, a phenomenon that leads to the self-formation of a
“‘checked pattern” of the compositional distribution. However, the two types exhibit a
particularly interesting differentiation. The axial stripes are not equally spaced to each
other, while on the contrary, perpendicular stripes are highly periodic in their
positioning. To confirm this observation, the integrated intensity of the region
surrounded by the red rectangle in Fig. 4.8b was recorded. The peaks presented in
the spectra correspond to the perpendicular bright stripes and are established to be

highly periodic, presenting a period of roughly 3.6 nm (Fig. 4.8c).
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Figure 4.8: a) ADF image of a NW branch, with the five blue arrows marking five
examples of bright stripes along the growth direction of the branch. b) Higher
magnification ADF image of the branch in Fig. 4.8a, exposing bright stripes both
parallel and perpendicular to the branch growth direction. The red arrow and rectangle
indicate the direction and area of the integrated profile that was acquired. c) Intensity
profile from the corresponding region in Fig. 4.8b. The high degree of periodicity of the

perpendicular bright stripes is defined as roughly 3.6 nm.

Besides, axial EDX scanning of a single NW branch is conducted. The results are
presented in Figs. 4.9a-b. Initially, in Fig. 4.9a, a TEM image of the region of the
scanning is presented. It is visible that there are lines of high brightness
perpendicularly to the scan direction. The latter is marked by the white arrow. In the
graph of Fig. 4.9b, it can be seen that the high brightness stripes correspond to peaks
in Ga and dips in Al, as marked by the black, dashed arrows, which further confirms
their origin as Ga segregation. It is important to clarify that the branches grow for

considerably smaller time when compared to the NW trunk. This could be the potential
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reason why the distribution of Al does not present the inhomogeneity that was
exhibited in the case of the trunks, as examined in chapter 3. Furthermore, due to the
small dimensions of the branches, the area is not representatively large so it could not
be used on its own to interpret the findings as Ga segregation. However, the similar
observations between EDX and ADF images confirm the intriguing stem of these lines
as accumulation of Ga atoms. Besides, the diameter of the NW branches, which is
considerably small does not allow for representative EDX scanning to be conducted.
Nevertheless, considering that the nanowire length is smaller and that the growth
direction is different than (111), it is anticipated that the elemental distribution would
be less inhomogeneous when compared to the trunk, as shown in Fig.4.9b. It is also
reminded that the distribution of Ga and As is uniform across the diameter of the NWs,
while Al accumulation is presented at the sidewall facets causing the formation of the
core/shell architecture. However, considering that the branches are exposed to the
elemental supply for considerably smaller time as shown earlier, this phenomenon is

expected to be highly reduced or eliminated in these parts of the structure.
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Figure 4.9: a) TEM image of a region of the NW branch. b) Axial EDX scanning in the
direction marked by the white arrow in Fig. 4.9a. The bright stripes of Fig. 4.9a

correspond to peaks in Ga and dips in Al, as marked by the black, dashed arrows,

further confirming the origin of the high brightness stripes to be segregation of Ga.

This highly uncommon phenomenon is intriguing for further analysis and
interpretation. A higher magnification ADF image of the region of the intersection is
presented in Fig. 4.10a. The formation of the checked pattern can be confirmed, with
the axial and perpendicular stripes both marked by dashed, white lines. A
representative area of intersection is pointed out by the white square in Fig. 4.10a.
Another interesting observation derives from the EDX maps for Ga and Al of the region
of the intersection (Figs. 4.10b-c, respectively). In both maps, bright and dark regions
expose enrichment or deficiency, respectively, of the mapped element. The images
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indicate higher Ga composition in the bright stripes. What is more, the intersection of
the axial and perpendicular stripes leads to the formation of Ga-rich (and, thus, Al-
deficient) “boxes” at these regions, as pronounced by the dashed lines in Figs. 4.10b-
c. This property is very promising, as such phase separation at this low dimensionality
can be potentially exploited in the future for the self-assembly of QDs, that represent
novel types of spontaneously formed light emitters. However, it is noted that in order
for this function to be achieved in a tuneable and controlled manner, further

understanding of the intricate compositional distribution is imperative.

27% 39%

Figure 4.10: a) ADF image indicating the area of the subsequent elemental mapping.
b-c) Elemental mapping of the “checked pattern” in the area in Fig. 4.10a for Ga and
Al where the bright orange areas signify Ga-rich regions and Al-rich regions,
respectively. Both the periodic and the axial Ga-rich (Al-deficient) stripes are marked
by the dashed, white lines in Fig. 4.10b (Fig. 4.10c). Ga-rich and Al-deficient “boxes”

are formed in the intersection of the two types of bright stripes.

After having established the validity of the Ga and Al-rich stripes formation, it is
necessary to formulate an interpretation for this intricate, vibrant and highly uncommon

behaviour. With some further consideration on the growth and characterization of the
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samples, the dual nature of the stripes can be safely assumed to untangle in a twofold
mechanism. First, regarding the formation of the perpendicular, periodic stripes are
attributed to the rotation of the samples during growth in the MBE reactor, which in our
case was 10 rpm. It is known that this rotation is widely employed as a technique of
maintaining the morphological uniformity of the samples during their synthesis. Via the
NW rotation around their axis, all of the facets receive the same proportion of
elemental beam fluxes, regardless of their position, after taking into consideration the
stability of the elemental sources. However, due to the 3D nature of the branched
NWs, some differentiations occur in the case of these interesting structures and the
situation deviates from this design significantly. Specifically, the non-vertical
components, which in this case are the NW branches, are exposed to inhomogeneous
elemental beam fluxes as a result of the aforementioned rotation. It is noted that this
is not valid for the standing NW trunks but merely for the branch region of the samples.
More specifically, as the rotation occurs with respect to the growth direction of the
trunks, which are vertically aligned on the substrate, each NW trunk facet receives the
same proportion of elemental fluxes. In stark contrast, the branches grow
perpendicularly to the NW trunks, hence the angle between the branch grown direction
and the elemental sources is constantly changing during the rotation. Furthermore, the
aforementioned rotation causes a shadowing effect on the branches by the NW
trunk.1262l Consequently, when a NW branch is in the vicinity of one elemental source,
the shadowing effect will lead to less adatoms of the rest of the elemental beam fluxes
being incorporated to this region of the structures. This leads to the compositional
inhomogeneity perpendicular to the growth direction of the branch that was described

earlier.
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The above information is schematically represented in the illustrations of the
branched NWs that are exhibited in Figs. 4.11a-d. The branches are labelled as ‘1’
and 2'. It is important to note that the position of the Ga and Al sources is similar to
their physical position in the reactor. Due to the stability of the elemental sources,
when branch ‘1’ is facing the Ga source, it is shadowed from the Al source by the
trunk. Hence, a higher amount of Ga is adhered to branch ‘1’ whilst a deficiency in Al
is also demonstrated (Fig. 4.11a). Based on our growth mechanism, the adatoms are
collected by the Ga droplet at the tip of each branch and the nucleation of a monolayer
occurs following the VLS growth mechanism. This is similar to the case of the NW
trunk growth, as described earlier in chapter 3. As more Ga adatoms are incorporated
at this stage in the droplet, a monolayer that is Ga-richer will nucleate at the liquid/solid
interface in the vicinity of the branch tip. This is the origin of the Ga-rich stripe (Fig.
4.11b). Analogously, due to the rotation of the sample, branch ‘1’ leaves the vicinity of
the Ga source and approaches the Al source (Fig. 4.11c). This causes the opposite
phenomenon of more Al adatoms being absorbed by the Ga droplet at the branch tip,
thus a monolayer that is Ga-deficient will nucleate at the liquid/solid interface. That
way, the Al-rich stripes are formed (Fig. 4.11d). It is also important to note that, in the
illustrated structure, branch 2’ is located on the other side of the trunk, so the
aforementioned procedure occurs in the opposite order for this branch. The repetition
of the mechanism described above, ultimately results in the AlGaAs NW superlattice
in the branch with alternating Ga-rich and Al-rich stripes perpendicularly to the growth
direction of the branch. This is a striking difference to the standing NW trunks or 1D
NWSs, which are vertically aligned on the Si substrate, the angles between the

elemental sources and their growth direction is stable and consequently no shadowing
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effect on the droplet in the trunk NW tip is presented. This is the reason why the

perpendicular stripes of Ga distribution are absent in 1D NWs or the NW trunks.

It is interesting to mention that considering the impact of the rotation speed on the
formation of the perpendicular stripes, altering the value of the rotation speed could
also influence this finding. For instance, changing the speed would directly affect the
time during which each branch would be located in the vicinity of the respective source.
Even though the quantification of the Al/Ga ratio in this case cannot be obtained, it is
safe to assume that lower rotation speed would leave to more time of the branch in
the vicinity of each source, hence increasing the thickness of the perpendicular stripes.

The opposite could be the case if the rotation speed was increased.

The above self-consistent explanation based on literature and experimental
observation also accounts for the high level of periodicity in the branches, which was
established earlier. It is reasonable to believe that increasing the rotation speed would
alter the periodicity as well, since the amount of time that the NW branches would be

located in proximity of Ga or Al source, respectively, would change.
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Figure 4.11: a) Schematic representation of a branched NW, rotating as indicated by
the black arrows. b) Focus on the red square of (a) for a closer view of the branch.
The Ga-rich stripes are depicted in purple color in the figure. Al adatoms are shown in
red. ¢) Schematic representation of the same sample after its rotation by 180° d)
Focus on the blue square of (c) on branch ‘1’ after its rotation. Much less Ga and more

Al are incorporated, forming Al-rich regions depicted with green.

On the other hand, the formulation of the second interpretation to explain the axial
stripes is even more challenging. The compositional distribution along the growth
direction of the branches does not present periodic nature. However, a detailed
analysis via ADF imaging leads to a complementary yet vital observation that
facilitates the comprehension of the axial stripes’ growth mechanism. High-resolution

ADF images are shown in Fig. 4.12a, where seven bright stripes are visible along the
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branch growth direction in four different regions. These regions are defined by white,
dashed squares, for clarity. From a more focused inspection of these squares, we can
clearly observe that axial Ga accumulation occurs merely on ZB segments. Such
preferential segregation has been already reported that different elements exhibit
different segregation energies between ZB and WZ regions of polytypic NWs,[101-104.263]
Moreover, it is already known that the type of the nucleation and the crystal phase can
be safely correlated.[*05-108] A characteristic example is stating that in ternary NWs it is
possible for different compositions to be observed in WZ and ZB segments, even if
their nucleation takes place under identical conditions.[*%® |t is noted that the latter

paradigm is based on nucleation theory, which is in line with experimental observation.

Even more interestingly, the preferential Ga segregation can be further
differentiated. From Fig. 4.12b, it is conspicuously shown that Ga-rich regions are
formed only on one type of ZB segments, which from now on we will refer to as type
I, whilst the ZB segments of the opposite polarity, which we will refer to as type I, do
not accumulate Ga. This can be corroborated by the brightness contrast between the
regions, which is most clearly depicted in square 4 of Fig. 4.12b. It is important to
clarify that some bright regions that can be occasionally distinguished in regions of the
opposite crystal phase and polarity are attributed to the perpendicular, periodic stripes
and have already been explained by the sample rotation mechanism earlier. As a
result, our observations confirm that only type Il ZB segments demonstrate Ga
segregation, indicating the important role of polarity in the compositional distribution
of the branched NW structures. The prominent role of the polarity of ZB segments can
also be confirmed by the reduced Ga incorporation in WZ segments. This is not the
first report of polarity-driven mechanisms inducing elemental segregation along (112)

direction. Specifically, similar phenomena have been reported in the past for GaAsP
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shell layers, exhibiting an enriched P incorporation in (112)A ZB facets, when
compared to (112)B ZB facets, a phenomenon that has been attributed to the higher
incorporation coefficient of group V adatoms in facets with B-polarity.l?*¥ Due to the
stronger group Il bonds, the adatoms of group Ill have a larger incorporation
coefficient at (112)A facets, causing weaker phase segregation when compared to
facets with the opposite polarity. Additionally, in the case of GaAs/AlGaAs core/shell
NWs, thicker (112)B polar bands have been deriving from the increased growth rate
of the facets with the opposite polarity, that incorporated less amount of group Il
elements.l?®] In the case of AlGaAs branched NWs that is inspected in the current
chapter, the peculiarity in the compositional distribution can be attributed to the
stronger bonds among group lll adatoms in (112)A facets, due to the coordination
numbers of the unit cells.?68] |t is clarified that in all of the reported cases, the
observations were carried out on shells that were grown via the vapor-solid (VS)
growth mode, due to lateral expansion of the crystal. Nevertheless, it is reminded that
in the case of branches, (112) oriented surfaces are located at the growth front,
signifying that the same principles could be valid for the VLS growth mode that was
adopted here. In order to depict the correlation between the crystal phase and the
segregation of Ga, we present the atomic arrangement, as modelled via the VESTA
software, in the paradigm illustrated in Fig. 4.12c. For our representation, we chose to
include a twinning region and a WZ insertion in the same crystal, with the twin defect
marked by black lines, for clarity. The stacking sequence can also be provided for
facilitation. It is viewed that the crystal twinning modifies the crystal phase and polarity
of the NW from ZB type Il to ZB type I. Due to the epitaxial nature of the growth, the
front presents alternating polarity as well, which causes Ga adatoms to adhere

preferentially to ZB type Il regions. Despite the fact that it was not possible to
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distinguish if type Il facets are A-polar or B-polar, it is safe and rational to assume that
the aforementioned explanation for the VS mechanism is valid in our case, as well.
Finally, the entire growth mechanism based on the multinucleations model is
elucidated in Fig. 4.12d, where the formation of the Ga-rich stripes at the liquid/solid

interface is illustrated.
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Figure 4.12: a) High-resolution TEM image of an AlGaAs NW branch which includes

Ga-rich

Ga-deficient

seven axial bright stripes, enclosed in the four dashed, white rectangles numbered 1-
4. b) Focus on each of the squares of Fig. 4.12a, labelled by the corresponding
numbers. It can be seen that only one type of ZB twins is brighter. c) Representative
model of a NW branch via VESTA. Group Il Ga-rich, group Ill Ga-deficient and group
V atoms are illustrated as purple, green and blue spheres, respectively. The twin that
is included is marked by the black, dashed line. d) Schematic representation of the
growth mechanism based on the multinucleations model, with the nuclei being
surrounded by white lines for clarity.
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4.4) Comparison with previous works on 1llI-V branched nanowires

After having presented the results on our experiments in the interesting topic of
branched AlGaAs NWs and having described the uncommon findings of the
compositional distribution, it is interesting to provide a comparison of our work with

previous reports on the same topic of IlI-V branched structures.

As mentioned earlier in the current thesis, the topic of hierarchical, 3D branched
NWs has attracted attention mainly owing to the longer optical pathway and the
increased surface area that could be useful for device applications. In addition, these
morphologically unique structures are versatile and entail a high level of complexity
that can contribute to the realization of several practical applications. Based on the
above, several works have tried to explore different types of IlI-V branched NW

structures.

The methods that were employed for the growth of such structures vary. One of the
explored methods include the manipulation of strain which has been used for the
synthesis of GaAs branched NWs.[19U Specifically, in this case the nucleation of
branches occurred on the facets or at the vertex of neighbouring facets and form an
angle of 109.5° with the NW trunk. The amount of GaAs leads to increase branching
events, while the driving mechanism was the strain that led to the formation of stacking
faults at the external facets of the NW. As the NW elongates, those sites accumulate
under Ga-rich conditions at these sites and act as droplets for the branch growth. 91l
The amalgamation of Ga adatoms as droplets is similar to the mechanism that we
described above, with the important difference that we emphasized on intricate ternary

AlGaAs NWs and the driving mechanism was the rough, self-formed shell that includes
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concavities rather than strain. In addition, the ternary nature of the alloy led to the

novel findings of Ga segregation that were described.

Moreover, InAs branched NWs have been fabricated via droplet confinement, where
As supply was stopped and In supply continued for roughly 10 mins. This led to the
droplet expanding and sliding along the NW sidewalls, while atoms comprising the
droplet migrated and were confined by deliberately induced ZB segments in the
predominantly WZ crystal. Continuation of the growth under regular conditions led to
these confined droplets causing the nucleation of branches.[*®? The main challenge of
this very useful and interesting approach is the complexity in the growth requirements
including the ZB segment formation which can have a nature challenging to control.
Nevertheless, it remains an insightful method for deliberate NW branching. The
structural characterization confirmed the polytypic nature with WZ predominant crystal
and ZB inclusions for the droplet confinement. Furthermore, GaP nanotrees have been
grown via sequential seeding,!*® where Au aerosol nanoparticles were deposited on
the sidewalls of GaP NWs to initiate the branch growth. This technique allowed for the
growth of multiple branches, in some cases 15 on a single NW backbone thus the
structures are characterized as nanotrees.[*°° Similar to our case, the length of the
branches depended on their number and the growth was hierarchical. It is also
interesting to notice that via ex-situ seeding of Au nanoparticles InP/InAs branched
NWs were grown on black Si.[**”] Nevertheless, some of the challenges are related to
the use of Au and the Au-induced contamination that was described in the introduction

and the additional processing steps, as two rounds of seedings were required.

Moreover, InSb branched NWs have been acquired via electrodeposition of
InSh.['8% The highlight of this method is the high-crystallinity structures as thin as sub-
10 nm and reaching 150 nm in thickness after a post-annealing argon treatment. Their
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structures also showed antireflection properties which render them good candidates
for solar cell applications. This method is a different approach compared to our

epitaxial method.

Apart from the growth methods and the morphological interest that branched
structures provide, interesting results have been reported in such NWs. For instance,
it has been shown that the emission intensity via PL measurements of branched,
“brush-like” GaN NWs is significantly enhanced when compared to pristine GaN NWs
grown via similar steps.l'%4 In this case this enhancement could be attributed to
guantum confinement of excitons, which is not usually anticipated in NWs, but in this
particular case the diameter of the branches was lower than 11 nm, which is the Bohr
radius of excitons for GaN. Hence, quantum effects were expected and caused the
radical increase of the PL signal.'®* Moreover, NWQDs have been acquired via
inserting the dot section (InAs) in the branch/trunk junction of GaAs branched NWs
grown via MBE.[**°l The results revealed a narrow linewidth of 101 peV and second
order correlation function measurements showed a value as low as 3.1%, far lower

than the threshold value for single photon emission which is 50%.1°

It is noted that in our case, the optical results of the branched NWs are essentially
identical to the 1D AlGaAs NWs described in Chapter 3. This is because, the branched
NWs were spontaneously formed via the analysed mechanism signifying that they
were morphological variations in the same samples as the ones examined in Chapter
3. This is indicated in Figs. 4.1 and is attributed to the fact that the branched NWs
occurred via the accumulation of Ga at the concavities of the rough AlGaAs shell.
Therefore, the spectra we obtained for the 1D AlGaAs NWs were the same as in the
case of 3D branched AlGaAs NWs. It is noted that in Al-deficient samples, the
presence of the branching events is limited, while it is far more pronounced in Al-rich
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samples. Nevertheless, increase beyond our designated values is challenging in the
optical address of the samples as the bandgap of the alloy becomes indirect for Al
contents higher than 40%. The stripes of Ga segregation could exhibit signs of
guantum confinement and act as non-classical light emitters, especially if we consider
that similar results of segregation has led to such phenomena in the case of Al
segregation in AlGaAs shells acting as self-assembled QDs.[%° Although no such
observations were made in the case of the branched AlGaAs NWs, further works aim
to address this phenomenon and explore the possibility of harvesting the novel phase

separation observed in our samples as quantum light emitters.

To sum up, despite the interest and the important results reported in the past
regarding the topic of IlI-V branched NWs, the focus on the formed 3D branched
structures in terms of their structural and compositional analysis indicates that our
method provides a straightforward approach for obtaining branched NWs
monolithically grown on the dominant Si platform, while the structural analysis
revealed the interesting formation of the Ga-rich and Ga-deficient stripes of
compositional distribution, which could be examined in the future as novel types of
guantum emitters. Furthermore, the self-catalysed approach that we adopted allowed
for elimination of Au-induced contamination, while to the best of our knowledge there
are no other reports on the growth of versatile, ternary NWs, which have the ability of
bandgap tuning as a result of their composition. The above underline the importance

of this contribution in the 1lI-V branched NW research field.
4.5) Summary and Conclusions

In conclusion, this chapter investigated a highly promising AIGaAs NW variant that

was frequently presented in the realized samples, which is the 3D branched NWs. This
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type of nanostructures is particularly interesting for energy harvesting applications and
novel light emitters. Even though branched structures were presented in all of the
samples, the branching events were observed to increase with elevating Al content,
reaching 60% of the total number of structures at the highest nominal Al composition
of 40% that was used. TEM imaging was employed and revealed that the branches
grown on the sidewalls of the trunks epitaxially, which means that they adopt the

crystal structure and defects that are exhibited in the NW backbones.

Moreover, ab initio calculations and investigation of the existing literature allowed
us to formulate the growth mechanism of the AlGaAs branched NWs, which is founded
on the self-formation of the AlGaAs shell. The roughness of the shell leads to the
formation of concavities where Ga atoms preferentially accumulate. These
accumulated atoms amalgamate as droplets that initiate the elongation of the
branches. This is supported by the calculations which show that Ga is most likely to
be found at the vicinity of the base of the branches. More analytical TEM inspection
showed that there are bright stripes of Ga segregation along the growth direction of
the branches and perpendicular to it. The intersection of these stripes causes the
appearance of a unique checked pattern of elemental distribution, with Ga-rich boxes
being formed at the area of the intersection. The perpendicular stripes exhibit a high
level of periodicity of roughly 3.6 nm. Based on the above, these periodic stripes are
attributed to the rotation of the sample within the growth chamber, where the
shadowing of the branches by the NW trunks leads to this peculiarity in the
compositional distribution. On the contrary, the bright stripes along the growth
direction, which are observed to be formed only on ZB facets of one particular polarity,
are driven by the formation of Ga-rich nuclei at the tip of the branches in the

aforementioned facets.
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The thorough investigation conducted is beneficial in comprehending the
mechanisms that promote this peculiar, novel elemental distribution and can be an
important source of material for the realization of more self-catalysed, ternary 1ll-V
NWs. Furthermore, the Ga-rich elemental boxes formed by the intersection of the

bright stripes can be exploited in the future as a novel type of quantum light emitters.

After having thoroughly analysed the morphological and structural findings of the
branches, we will subsequently focus on another very important scientific domain,
which is the embedding of single GaAs QDs within the AlGaAs NWs that were

investigated. This inspection will be the topic of the following chapter.
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Chapter 5: AlGaAs/GaAs Nanowire Quantum Dots on Si

(111) Substrates

5.1) Structural analysis of AlGaAs /GaAs Nanowire Quantum Dots

The importance of nanostructures being embedded standing NWs lies in the
combination of the advantageous optical properties of the latter, such as the distinct
waveguide effect, with the high level of confinement offered in the lower scale stacked
nanostructures. As described in Chapter 1, the majority of the emission ideally derives
from the QD or QD segment, whilst it can be guided to the ending facets of the NW,
maximizing light extraction. It is interesting to observe that NW tapering can drastically
improve optical properties of such structures, as it promotes adiabatic transmission of
the light modes. That way highly bright emission from NWQD structures has been
achieved.[167]

In the current chapter, we will analyse the synthesis of single GaAs/AlGaAs dot-in-
wire structures. This signifies that there is one GaAs QD segment axially embedded
in each of the AlGaAs NWs comprising the sample. For the realization of the samples,
we employed epi-ready, native oxide-covered p-doped Si (111) substrates, degassed

in the buffer chamber by thermal annealing at 600°C for 10 mins, exactly as in the case

of AlGaAs NWs that was described in chapter 3. The AlGaAs/GaAs NWQD samples
were synthesized using our MBE system that has been described in chapter 2 of the
current thesis. Exactly as in the case of bare AIGaAs NWs, 600 nm of bare GaAs

stems were formed for 10 mins at 610°C. Next, Al flux was introduced for the NW

growth. It is noted that the atomic nominal Al composition varied between 10% and
40%. In order for the QD segment to be formed, the supply of Al was interrupted for 7

s. This allowed for the deposition of merely Ga and As during this time which led to
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the realization of a nanoscale-thick GaAs segment, acting as QD, as is the typical case
in single, axial NWQDs. Following this stage, Al was re-introduced for the top NW part
to be developed. The total duration of the procedure was roughly 100 mins. Ga flux
was corresponding to a thin film growth rate of 0.6 ML/s, as determined by earlier
GaAs film calibrations on GaAs (100) substrates. The flux of As was kept stable at
2.75x10 Torr, leading to an As/Ga ratio of 15. The V/IIl beam flux ratio for the samples
with 10%, 20%, 30% and 40% atomic nominal Al content is 14.053, 13.119, 12.134
and 11.075, respectively.

The SEM inspection of the NWQD samples did not present differences when
compared to the corresponding images of bare NWs, as anticipated since the QD
could not be verified via this technique. As a representative example, we present one
typical SEM image of a sample with 20% nominal Al content in Fig. 5.1a, which is
similar to the results obtained for AlIGaAs NWs with the same composition. An initial
TEM inspection was conducted in the vicinity of the NW tip. The BF image of Fig. 5.1b
illustrates the spherical droplet at the NW tip, whose existence after growth confirms
the VLS growth mechanism and its success in acquiring the structures. Further focus
on the red square of Fig. 5.1b is presented in Fig. 5.1c, where we can see that the
crystal structure is predominantly ZB. It is noted that there is the conspicuous
appearance of defects, which are pronounced at this part of the structure due to the
growth conditions during the final stages of the nanostructure synthesis, such as the

increased group V flux, as observed in previous NW structures.l
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Figure 5.1: a) Typical SEM of a sample with 20% nominal Al content. b) BF image of
the NWQD tip, with the spherical droplet maintained. c) Focus on the red square of

Fig. 5.1b. The crystal structure is predominantly ZB with twin defects being observed.

The NW/QD interfaces should be kept as sharp as possible, even though Al tracing
could not be fully avoided, due to the Al-rich shell formation, leading to increased Al
presence in the EDX measurements. In order to corroborate the GaAs segment
formation, it was required to conducted TEM analysis on the structures, via following
the same procedure as described earlier for bare AlIGaAs NWs. The results are shown
in Fig. 5.2. Initially, the ADF image of Fig. 5.2a indicates the presence of the QD. The
bright contrast in TEM images signifies the increased presence of the heavier element,
which in this case is Ga. Due to the lack of Al, Ga content is enhanced in the dot
region, leading to darker NW and brighter dot segment. For clarity, the GaAs region is
marked by a white arrow in the corresponding figure. The width of the dot is
approximately 5 nm. An additional, high-magnification TEM image of the QD region is
presented that demonstrates the high brightness region corresponding to the dot
segment. This is presented in Fig. 5.2b, where the red rectangle and white arrow show
the region of the intensity profile and the direction of the EDX radial scanning for the
following figures, Fig. 5.2c and 5.2d, respectively. The intensity profile of Fig. 5.2c
exhibits a clear peak which corresponds to the QD and reveals a 5 nm thickness.

Furthermore, EDX radial scanning was conducted at the height of the dot insertion
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along the direction of the white arrow in Fig. 5.2b and is presented in Fig. 5.2d. The
QD is marked by a peak in Ga and a corresponding dip in Al line. It is noted that the
counts of Al are not dropped to zero in the GaAs QD region, as expected, due to the
spontaneous formation of the core/shell structure. However, the clear dip in Al
confirms the presence of the QD and exhibits the interfaces that demonstrate minimal

intermixing.
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Figure 5.2: a) ADF of the AlIGaAs/GaAs NWQD. The brighter region in the midpart of
the NW corresponds to the GaAs QD. b) Higher-magnification ADF of the QD
(presented vertically). The red rectangle shows the area of the intensity profile
(Fig.5.1c) and the white arrow marks the direction of the EDX (Fig. 5.2d). c) Intensity
profile along the direction of the white arrow in Fig. 5.2b. The peak corresponds to the
QD, which is 5 nm thick. d) EDX scans along the NW axis. The dip in Al (peak in Ga)

signifies the GaAs QD.
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The structural characteristics of the remaining part of the NWQD samples were
identical to the case of bare AlGaAs NWs, with increased presence of rotational twins
and polytypism being demonstrated. The major differences between the two types of
nanostructures, however, were presented in their optical properties. This intriguing
topic will be fully explored via macro-PL and pPL measurements in the following

section of the thesis.
5.2) Photoluminescence of AlGaAs/GaAs Nanowire Quantum Dots

Despite the promising optical properties that were exhibited by AlGaAs NWs, with
the most prominent being the room temperature emission, the intensity was kept at a
relatively low level and the linewidth was fairly large. Hence, these structures are not
ideal for achieving single photon emission, which is key for quantum computing
applications. Additionally, the anticipated degree of polarization for the emitted light is
small due to the intrinsic nature of the 1D NW structures. All of these points could be
addressed via the development of NWQDs, the realization of which has already been
described in previous chapters. Even though the structural and morphological features
between NWs and NWQDs were similar, significant alterations are observed in the

optical spectra that were acquired via macro-PL and pPL measurements.

Via employing the PL setup that was described in Chapter 2, we recorded the optical
spectra from NWQDs with nominal Al content varying between 10% and 30%. It is
important to mention that structures with 40% Al composition were also investigated
but no optical signal could be traced, as in the case of bare AlGaAs NWs. Fig. 5.3a
presents low power pPL spectra recorded as a function of the laser position along the
NW axis. The relevant positions are ascribed at the right hand side of the graph. The

lowest energy emission is observed at 791 nm and is comprised of a single peak,
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whilst the linewidth is relatively narrow as it reaches as low as 2.53 nm at low
temperature of 6 K, which corresponds to 490 peV. We attributed this peak to the
GaAs dot insertion, as revealed by its strongly spatially localized character. It is noted
that narrow emission from QDs embedded in NWs has already been reported in the
past and is considered very promising for light-emitting applications.[67-168. 2671 |n Fig.
5.3b we present the plot of the emission against laser position, where we can clearly
deduce that the behaviour of the peak is consistent with the size of the focused laser
spot, being much larger than the height of the dot. Higher energy emission is
comprised of two groups of lines, a small number at 778 nm and a larger number at
750 nm, as seen in Fig. 5.3a. Both groups are sustained over a wide range of laser
positions, which signifies that their origin is the AlGaAs barrier layers. These two
emission wavelengths correspond to Al contents of 6% and 11%, respectively.
Although we notice that both emission line groups are robust in both sides of the dot,
a different set is dominant for each side. Although the inhomogeneity in the
composition of the AlGaAs NW core was anticipated due to the aforementioned
peculiarities in the elemental distribution that was analysed in chapters 3 and 4 of the
current thesis, the fact that a different set of peaks is dominant before and after the
location of the GaAs QD could be indicating towards an impact of the insertions of the
dot in the compositional characteristics of the NW, due to the termination and re-
introduction of the Al supply. Nevertheless, more works are necessary in order to

corroborate the existence of this impact.
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Figure 5.3: a) Position-dependent uPL spectra from samples with 20% nominal Al
content, that confirm the strong, central localization of the peak at 789.7 nm. b) Plot of
the dot-related emission against laser position, where we show that the spatial profile

is consistent with the size of the focused laser spot.

Apart from the position-dependent spectra that were studied and confirm the spatial
localization of the GaAs QD peaks, we recorded additional measurements as a
function of laser power. For this procedure, the laser was positioned at the maximum
of the QD emission. It is clear that at low powers, the dot emission is a single line
representing single exciton recombination. Nevertheless, with increasing power, more
lines emerge due to multi-exciton recombination. The above are well-illustrated in Fig.
5.4a. On the other hand, Fig. 5.4b presents the plot of the power dependence of the
two most resolved lines, which indicate an increase with power, followed by saturation
and eventually exhibiting a decrease at the higher powers. This is a typical
paradigmatic behaviour of a zero-dimensional system with increasing carrier
occupancy. The gradients of the two lines unambiguously suggest exciton and

biexciton transitions for values of 1 and 2.2, respectively. Their energy separation is
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roughly 2 meV, which is in line with a calculated value of the biexciton energy in

GaAs/AlGaAs QDs, that is 1.5 meV.[268]

Besides, Fig. 5.4c depicts temperature-dependent spectra, where it can be inferred
that the dot emission is quenching very rapidly with raising temperature. In fact, the
emission is entirely suppressed above 60 K showing a small potential barrier for carrier
escape from the GaAs section. It is noted that thermal stability could be potentially
improved in future works via further optimization of the growth. For instance,
elimination of defects of the AlGaAs barriers surrounding the dot could positively
influence the optoelectronic response of the structures. Nonetheless, the existence of
a QD-related emission that was grown via the self-catalysed approach is an important
step in harvesting the benefits of the aforementioned structures. Moreover, the
integrated intensity of the dot emission and its ratio to the barrier emission are plotted
in the upper panel of Fig. 5.4d. It is noted that presenting the results in terms of the
ratio can correct any potential misalignment of the samples as a result of the increasing
temperature. It is not possible to extract a reliable value for the activation energy of
the quenching of the QD emission but taking into account that the lowest energy
AlGaAs emission takes place at 778 nm, which is only 24 meV above the GaAs peak,
it is expected that there would be a rapid decrease in the emission intensity. Higher Al
percentage on both sides of the dot could possibly lead to a higher stability in the
optical behaviour of the structures. On the other hand, the lower panel of Fig. 5.3d
illustrates the plot of the temperature dependence of the QD single exciton emission
linewidth. At low temperatures, the linewidth is as low as 490 peV, as mentioned
earlier. However, it is quickly increased with raising temperature. This trend is
described well by a model in which carriers are scattered out of the ground state of the

QD by acoustic phonons.?%° The energy related to this model is the separation energy
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between the ground state and the first excited state of the QD. The value that was
extracted from the fit to the experimental data is roughly 3 meV. Both the power-
dependent measurements and the temperature-dependent measurements indicate
that the GaAs segment displays properties of a OD system, confirming its nature as a
single QD. This can be seen because on one hand there are different orders of exciton
processes in the power-dependent spectra and on the other hand the emission
linewidth is strongly dependent on the temperature. The above optical experiments
demonstrate the suitability of the AlGaAs NWs as hosts of QDs with good optical

characteristics.
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Figure 5.4: a) Power-dependent yPL from samples with 20% nominal Al content. The

dot-related peak at 789.7 nm is comprised of one exciton transition dominant at low

powers and a biexciton transition prevailing at high powers. b) Plot of the peak PL

intensity as a function of the power, showing the linear dependence and quadratic

dependence for the two peaks, confirming their origin as exciton and biexciton

transitions, respectively. ¢) Temperature-dependent yPL spectra from the same

sample, where we demonstrate that the dot-related peak is rapidly quenching and is

unnoticeable above 60 K. d) Upper panel: Plots of the integrated intensity of the QD

emission and its ratio to the barrier emission. Lower panel: Plot of the temperature

dependence of the QD single exciton emission linewidth.
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Besides, polarization of the emission was evaluated in the same NWQDs, by
conducting measurements with the excitation power set at roughly 1 pyW, whilst the
laser spot was fixed on the position that produced the most intense QD-related peak.
A linear polarizer and a half-wave plate were inserted in the beam path, prior to the
spectrometer in order to acquire the results. In Fig. 5.5a, we observe the NW image,
clearly illustrating the orientation of the structure. The polar plot of the three main
peaks at 748.8 nm, 787.6 nm and 789.7 nm are demonstrated in Fig. 5.5b. It is
important to note that the polar plot orientations are such that 0° on the plot correspond
to the x-direction of Fig.5.5a and 90° correspond to the y-direction. Consequently, by
overlaying the NW image on the polar plot, it is possible to define the orientation of the
NW in the latter, which is indicated by the black arrow (Fig. 5.5b). The AIGaAs NW-
related peak at 748.8 nm is very slightly polarizer, which is anticipated due to the non-
polarized nature of the bare NW emission. On the contrary, the two QD peaks at the
high-wavelength side of the spectrum are more strongly polarizer, when compared to
the AlGaAs band. For the peaks at 787.6 nm and 789.7 nm, the maximum light
intensity is presented at 62° and 70° clockwise off the NW axis, respectively, whilst
the minimum light intensity is exhibited at 26° anticlockwise for both peaks. It is
reminded that the former is attributed to AlGaAs barrier emission, while the latter is
deriving from the GaAs QD segment. At this point, we should highlight that the
recording of the measurements was carried out by rotating the half-wave plate and
keeping the linear polarizer at a fixed position to circumvent the challenges of the
polarization dependence on the reflectance of the spectrometer grating. Considering
that a full rotation of the half-wave plate corresponds to two full rotations of the linear
polarizer, each set of measurements produced two plots of similar shape

corresponding to each peak (Fig. 5.5b), with only some slight deviations in the exact
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value of the light intensity. Besides, in order to quantitively estimate the degree of
polarization (DOP), we used the equation (Imax-Imin)/(Imax+Imin) to calculate the exact
value. For the AlIGaAs NW-related peak, the light was very slightly polarized with the
DOP being roughly 20%. On the other hand, the value of DOP was increased at 70%
for the AlGaAs barrier-related emission and obtained the maximum value of 72% for
the QD peak at 789.7 nm. The enhanced polarization exhibited in the dot-related
emission, when compared to NW emission and barrier emission, is promising for their
implementation in entangled photon sources.l?”% Nevertheless, it should be mentioned
that the high density of impurities, such as twin defects and polytypes of the crystal, is
considered a degrading factor. Consequently, optimization of the structural purity of
the NWs is a vital requirement for their broader applicability, which should be

investigated in future works.

—— 748.8 nm
—— 787.6 nm

Nanowire image

270

Figure 5.5: a) Image of the NW with an embedded QD, showing its orientation. The
NW is marked by the dashed ellipse, for clarity. b) Polar plot of the peaks of the disk-
in-wire structures. The AlGaAs-related peak (748.8 nm) is very slightly polarized. On
the contrary, the dot-related peaks show a remarkably higher level of polarization with
the peak at 789.7 nm reaching a DOP of 72%. The black arrow marks the direction of

the NW.
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5.3) NextNano Simulations of the nanowire quantum dots

In order to corroborate the experimental observations regarding the optical
response of the GaAs/AlGaAs dot-in-wire structures, simulations were run using
NextNano, which is a versatile software allowing for the simulation of nanoscale
structures and devices.?”!l As a package that focuses on structures where quantum
mechanics play a dominant role, it allows the users to identify features such as
electronic band structures and magnetic field effects among others. The input is a file

specifying the material platforms that are used along with geometrical information.

As NextNano is beneficial for simulating the quantum mechanical properties of
systems, its role in the analysis of quantum dots where such phenomena prevail is
useful. For instance, it is highly significant in order to conduct computations on the
electronic band structure and the optical properties of IlI-V quantum structures.?72 A
paradigm is the use of NextNano to determine the electron activation energy in single
GaAs QDs embedded in GaAsP NWs along with the separation energy.??”1 The aim
of employing these simulations in our structures was to simulate the electronic band
structure in order to extract the simulated values of the ground hole and electron
separation energy. After subtracting the known exciton binding energy for the current
material system,?3%] we can acquire the anticipated exciton emission energy for the
given material platform and specific geometrical features. If the exciton emission
energy matches the PL emission that was measured and described in Fig. 5.4, the

system is confirmed to be a dot-in-wire structure.

In our case, the input file was comprised of the geometrical information on the
AlGaAs/GaAs NWQDs. This is presented in Figs. 5.6a-b. Specifically, in Fig. 5.6a, the

cross-sectional geometry of the simulated NWQD above and below the QD segment
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is presented. In addition, the same geometry through the QD region is illustrated in
Fig. 5.6b. It is noted that for the NW core, the effective Al composition that was
modelled was 20%. This is because this sample is more representative as shown
during the TEM inspection that was analysed earlier. The Al content of the shell was

regarded as 70%.

For our simulations, we employed the minimised strain model, where the substrate
strain is set to zero. The width of the hexagonal QD that we simulated was assumed
to be 110 nm, normal to the NW axis, while the height of the dot was 5 nm along the
axis. These values are chosen in accordance with the TEM data of the NWQDs that
were presented earlier in the current chapter. Fig. 5.6c depicts the calculated
conduction and valence band edges along the NW axis. The energies of the lowest
QD electron and hole confined states for non-interacting particles are also presented.
The energy separation of the ground hole and electron state is 1.599 eV. It is noted
that in order to see if the anticipated energy separation corresponds to the PL emission
that was experimentally observed, the exciton binding energy needs to be subtracted
from the aforementioned value. The exciton binding energy is 25 meV for this material
system (AlGaAs/GaAs).[?3% The eventual value of the exciton emission energy is 1.574
eV, which corresponds to a wavelength of 787 nm. This is in reasonable agreement
with the experimentally observed value of the PL peak, which is 789.7 nm for samples
with 20% atomic nominal Al content. The negligible discrepancy in the values can be
attributed to computation limitations and the high complexity in terms of structure and
composition of the grown NWQDs. Nevertheless, the matching of the simulated and

experimentally extracted values is considered acceptable and accurate. Q

The separations of the ground and first excited QD states are calculated to be 1 meV
for electrons and 0.6 meV for holes. It is noted that the activation energy extracted
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from fitting the temperature-dependent spectra with a model based on exciton
scattering by acoustic photons has been reported in the past as 3 meV.[?%° Despite
the difference in our calculations, the values of 1 meV and 0.6 meV mentioned above

are considered within the frame of acceptable error with the previously reported value.

It is interesting to mention that even though the QD thickness was as low as 5 nm
along the NW axis, its lateral dimensions that were simulated as well as observed in
the TEM inspection of the previous sections were relatively large (110 nm in the case
of the NextNano simulations). Despite this fact, the QD nature of the peak, as revealed
by the localized peaks, the narrow linewidth and importantly the exciton and biexciton
transition confirm that the GaAs segment is a QD, as the linewidth would be expected
to be larger in the case of quantum wells. Optical activity in larger QDs has been
observed in the past, as it has been calculated that QDs with lateral dimensions as
high as 80a, where a is the lattice constant, can present over 6000 discrete energy

states for QD-related emission to occur.l273!
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Figure 5.6: a-b) Geometry of the simulated AlIGaAs/GaAs NWQD structure. Slices of
the structure above and below the dot (Fig. 5.5a) and through the QD (Fig. 5.6b) are
depicted. b) Band edge profiles along the central axis of the NW and energies of the
lowest electron and hole confined GaAs QD states. The insets depict the ground state

electron and hole levels on an expanded scale.
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5.4) Comparison of our work with previous works on single IlI-V

Nanowire Quantum Dots

Before proceeding to the summary and conclusions of the current chapter, it is
interesting to compare our work with similar NWQD structures that have been obtained
in the past especially considering the wide impact of these nanoscale structures in
novel applications such as quantum information processing. Initially, works have been
reported on the particular material platform that we have employed (AlGaAs/GaAs
NWQDs). The optical emission typically occurs within the spatial range of 600 nm to
800 nm.[131 228, 274-276] The existence of the dot region in the NWs manifests itself as
an additional peak, similar to what was observed in the PL measurements that we
presented in the current chapter. Moreover, In addition, resonant excitation of an
exciton and a biexciton transition has been observed in Au-catalysed AlGaAs/GaAs
NWQDs.?”"l The growth parameters are considered highly important for the emission
properties, as increase in the growth temperature after a critical value could reduce or
suppress emission.[?281 Moreover, the compositional distribution of Al affects, as we
noticed in our experiments. Specifically, higher Al composition can cause a blueshift
of the AlGaAs NW emission, although its impact on the QD emission which is
comprised of GaAs is not directly linked to this phenomenon. Nevertheless, increased
presence of Al could lead to unintentional intermixing in the QD region especially
considering the self-formed Al-rich shell surrounding the dot-containing NW segment.
This is something that was observed in our case were despite the clearly formed GaAs
QD some Al counts were traced in that region, which however did not affect the
measurements. Besides, the QD size has also been found to affect in previous reports,
in terms of the wavelength of the QD emission as longer growth times beyond the
ones we used could increase the width of the dot and reduce the impact of quantum
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confinement effect.'3 We underline at this point that the most prominent
differentiation in our research is the use of self-catalysed AlGaAs NW structures
instead of Au-catalysed growth, which up to our knowledge has not been exhibited
before. This reduces Au-related contamination and allows for the easy consumption

of the Ga droplet under high As flux without further processing steps.

Apart from AlGaAs core NWs, GaAs QDs have been embedded in the shell of
GaAs/AlGaAs core/shell NWs.[219-220, 267, 274] \/jg adequate control of the growth
parameters ultralow emission peaks have been recorded.?’ The emission is
attributed to an exciton and biexciton transition, with the later showing a narrow
linewidth of 458 peV, comparable to our 490 yeV-wide emission that we achieved in
AlGaAs core NWs. These values can be compared to popularly grown SKQDs.["% The
difference in this case is the embedding of NWs in the shells instead of axially in the
core, which albeit effective, could pose challenges related to the careful control of the
growth parameters, as it is highly important to maintain Al in the dot region to the

lowest possible level (some Al counts in real conditions are to be anticipated).

Importantly, other 1lI-V material platforms have been used for the realization of
single dot-in-wire structures. The most important results have been achieved for
InP/INAsP  NWQDs with very low linewidth of 120 peV at roughly 1.4 pm.[68]
Nevertheless, these structures were grown on InP (111)B substrates and their
formation monolithically on Si, with all the advantages that have been discussed in the
current thesis, has not been achieved so far. Another useful material platform is
GaAsP/GaAs NWQDs with sharp emission deriving from the QD region at 1.66 eV
while the linewidth is narrow at 130 peV, developed in our group at UCL.[88.227.278]
Similar to our case, the peaks quench after 60 K as a result of carrier escape from the
QD segment.’®8 These types of NWQDs have exhibited good photon antibunching
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behaviour and a degree of polarization of 82.5%.[227! |t is noted that among the
challenges in this material platform is the indirect nature of the bandgap for P contents

above 44%, rendering the study of further increase of P content impractical.

Based on the results described above and on the importance of AlGaAs ternary
alloy for red and near-infrared emitting applications, we believe that the importance of
our research is accentuated, while the monolithic growth on Si and the self-catalysed,
Au-free growth technique along with the good optical results and narrow linewidth
comparable to SKQDs displays that NWQDs based on this material platform hold

promise for future implementation in device applications.
5.5) Summary and Conclusions

The current chapter examined the growth of single GaAs/AlGaAs dot-in-wire
structures and investigated on their structural features and mostly their optical
response via PL inspection. The formation of the GaAs QD segment was confirmed
via TEM imaging, where the high brightness of a region close to the centre of the NW
signified Ga richness and corresponded to the QD insertion. This was further
corroborated via the extraction of the intensity profile and EDX scanning. It is reminded
that Al was significantly reduced within the GaAs QD, but the counts could not reach

zero, which is the ideal scenario, due to the formation of the self-grown AlGaAs shell.

The optical investigation of the samples revealed that the QD-related peaks were
spatially localized and exhibited a narrower linewidth of roughly 490 peV, as opposed
to the AlGaAs barrier-related peaks that were broad and presented several transitions.
Moreover, it could be seen that QD emission was comprised of an exciton and a
biexciton transition, which was confirmed by the plot of the intensity of the peak as a

function of the excitation power, where the gradients of the lines were indicative of
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exciton and biexciton transitions for values of 1 and 2.2, respectively. The QD emission
was rapidly suppressed with increasing temperature and was eventually quenched
after 40 K. However, further optimization of the crystal structure could lead to the
emission being sustained at higher temperatures. In addition, the QD peak at roughly
789.7 nm was shown to be highly polarized, with a DOP of 70%, while the AlGaAs NW
emission was unpolarized as the DOP did not surpass 30%. Finally, NextNano
simulations via the minimised strain model indicated that the energy separation of the
ground hole and electron states was roughly 1.599 eV, which after subtracting the
exciton binding energy, leaded to a value of 1.574 eV, corresponding to 787 nm. This

value confirmed the QD nature of the peak located at 789.7 nm.

The results presented in the current chapter demonstrate the good optical
properties of the self-catalysed AlGaAs/GaAs NWQDs, while eliminating Au-related
issues. The QD nature of the GaAs-related peak was established via the analysis of
the PL measurements, while the simulations confirmed the experimentally observed
conclusions. The above indicate the importance of these structures in light-emitting
applications, including single photon sources and entangled photon pair sources that

are vital for novel, quantum information processing applications.

Following the description of the morphological and optical behaviour of the
GaAs/AlGaAs single dot-in-wire structures that we realized, the analysis of the
AlGaAs-based nanostructures grown via self-catalysed MBE is finished. In the next
chapter, we will introduce a different type of nanostructures that have re-attracted
attention over the past years due to their vast potential in device applications; 2D
nanosheets. We will also present the thorough and systematic optical study of the PL
behaviour of the structures that render them promising for ultralow power consumption
optoelectronic memory units.
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Chapter 6: Two-dimensional InAs nanosheets

6.1) Introduction

6.1.1) Surface Passivation Methods

As described in the introduction, the large surface-to-volume ratio of nanosheets
causes a high density of surface states that act as carrier traps. This opens the route
for interesting applications. For instance, InAs nanosheets exhibit the “memory effect”
which renders them good candidates for optoelectronic memory applications but in the
drawback, it supresses the intensity of the emitted light due to the introduction of non-
radiative recombination paths at the surface states. As a result, surface passivation is
important in order to apply these techniques whenever necessary and depending on

the application that is aimed.

Surface passivation leads to neutralization of the surface states, which are then
inactive and stop carrier trapping procedures. As NWs are also nanostructures with a
potentially high density of surface states, some practices of surface passivation have
been applied to them as well. For instance, one of the most widely employed methods,
frequently encountered in works related to 1D NWs is the realization of a core/shell
architecture.l170-171 This technique is direct and most importantly financially effective
as it does not involve any additional processing steps that would require a higher cost.
The shell covering the surface of the structure’s core impedes carrier trapping
processes at the surface states and allows for an enhancement of the PL intensity.
Nevertheless, the lattice mismatch at the core/shell interface, which occurs when
incompatible materials are combined, leads to the formation of dislocations, that can
be potentially detrimental to PL peaks.[*72173l Another alternative is passivation via

applying a chemical solution. This is a post-growth technique, where a solution is used

177



to deactivate surface states. A characteristic example of a passivation method for IlI-
V nanostructures is the employment of a sulphur solution that leads to the formation
of bonds between sulphur atoms and surface atoms. This way, the surface dangling
bonds are eliminated, while the formation of oxide layers is prohibited. This is also a
method that has been systematically applied for passivation of NW surface states.[?7%
283] A characteristic example is the use of organic sulphide for passivation of InGaP
NW-based LEDs which has increased the device efficiency.l?9-283 Inorganic sulphide
(NHa4)2S solution has also been applied for the passivation of INnAs NWs, leading to a
17-fold enhancement of their PL intensity.[?81 Despite the high interest of 2D
nanosheets and the successful analysis of their growth and crystallinity, the

passivation of their surface is a subject that is far from being fully unravelled.
6.1.2) Importance of InAs as a binary alloy

Despite the advantages of ternary alloys (including AlGaAs that has been studied
in the current work) and the maturity of GaAs, there are several other binary alloys
that are of equal importance. Among the various 1lI-V alloys, InAs is a significant
material platform in the field of optoelectronics, owing to the high electron mobility that
facilitates carrier transport.’®4 Another advantage of InAs nanostructures is the
electrical conductivity, reached without any need for doping due to the Fermi level

pinning at the conduction band, rendering them ideal for electronic applications.28]

Implementation of InAs in nanoscale systems has been reported in the past for
QDs!286-287] and NWs,[288-290] with good results. Due to the advantageous features of
2D materials and InAs nanosheets have regained scientific interest over the past
years. Consequently, structures with high material purity have been

accomplished.[200.208-209] Apart from the SAG method for nanosheet development,
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another alternative that has been adopted is the growth of InAs nanosheets directly
from 1D InAs NWs. For instance, Pan et al. suggested that elemental segregation of
an Ag-In alloy could be the stem of the transition from NW to nanosheet form in InAs
structures.?°l The nanosheets produced that way are of optimum quality and present

vast potential for light-emitting functions and applications.[2°°!

After having introduced and accentuated the importance of InAs nanosheets along
with the surface passivation methods available, in the following sections we will focus
on the systematic optical study of InAs nanosheets grown directly from 1D NWs via
MBE. The optical study will shed light on the clear signs of “memory effect” of pristine
structures and the effect that different passivation methods applied have on the

nanosheet response.
6.2) InAs nanosheet growth

The importance of InNAs nanosheets owing to their two-dimensionality and free-
standing nature ensuring minimised strain has led to these structures regaining
interest over the past years. Growth of IlI-V nanosheets with good results has been
achieved in the past via SAG, regularly.[2%3-209] |n the case of the samples that we
optically addressed later, the growth occurred straightforwardly from 1D InAs NWs.
The growth method is identical to the one described in ref.[200]. The growth occurred
via MBE on epi-ready, p-type Si (111) substrates which were immersed in a diluted
hydrogen fluoride (HF) 2% solution for 1 min to eliminate surface contaminants. The

growth time was 40 mins, while the growth temperature was 505°C. The flux of In was

initially 1.5x10°7 Torr while As flux was 4.42x10 Torr, signifying that the V/III ratio was
29.5. With this configuration, the sample is comprised of 1D NWs and some parasitic

2D growth. However, with increase of the In flux to 7x107 Torr, while keeping As flux
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stable, the growth of fully formed nanosheets is observed.?® The growth was
terminated in all cases by stopping the supply of In, while the supply of As was kept

for a few more minutes until the temperature of the substrate drops to 300°C.

We acquired SEM images of the InAs nanosheets that we examined in our facilities.
One representative example of an SEM image grown at a V/Ill ratio of 6.3 is presented
in Fig. 6.1a. Considering the structural study that was conducted on the samples by
the group that fabricated them, a typical SEM image that they acquired is presented
for comparison in Fig. 6.1b. Despite the different focus and slightly different tilting, as
we used 30° while in ref.[200] they used 25°, the similar morphological results are
evident and show that 2D InAs nanostructures were successfully grown via the
aforementioned technique. It is noted that reduction of the V/III ratio by increasing In
flux beyond a critical value is anticipated to impede the successful growth of a
continuous InAs 2D nanosheet, due to the In-induced modification in the consistency

of the droplet.[2°0

SEM image at UCL SEM image from ref.[185]

Figure 6.1: a) SEM image with 30 degree tilting that we acquired at UCL facilities. b)
Comparison with SEM image from ref.[200] on the same samples. The results are very
much alike indicating that 2D InAs nanosheets were successfully grown directly from

1D NWs.
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It is interesting to mention that the dimensions of the nanosheets were also
measured. The axial and radial dimensions on the p-doped Si (111) were 4x1 ym and
the thickness of the nanosheets was roughly 40 nm. These values were obtained via
intensity profiles that were conducted on atomic force microscopy (AFM) images. It is
noted that AFM was conducted on FETs that were fabricated based on the InAs
nanosheets. This will be further analysed later in the current chapter. Initially, in Fig.
6.2a, we present an additional SEM of the InAs nanosheet samples. In Fig. 6.2b, a
typical AFM image of the fabricated FET is presented. The blue and red arrows
correspond to the axial and radial directions of the sample and illustrate the directions
of the intensity profiles. The results are presented in Figs. 6.2c and d for the radial and
axial dimensions, respectively. The dimensions depicted by the spacing between the
peaks of Fig. 6.2c and the linewidth of the peak in Fig. 6.2d are 4x1 ym, while the

thickness represented by the amplitude of the peak is 40 nm.
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Figure 6.2: a) SEM image of the InAs nanosheets. The formation of dense structures
is confirmed. b) AFM image of the fabricated FET, where the blue and red arrow mark
the nanosheet axial and radial dimensions. c-d) Intensity profiles for the blue and red
arrows, respectively, revealing dimensions of 4 yum in length and 1 ym in width for the

sample. The height is revealed to be roughly 40 nm.

The crystal structure of the nanosheets was polytypic with WZ/ZB mixed formation.
As described earlier, this is typical in nanostructures grown via VLS growth mode as
is the case for the samples used in our experiments. A characteristic TEM image of a
nanosheet structure is presented in Fig. 6.3a.2°0 The red square is the area of focus
for the subsequent high-resolution TEM image (Fig. 6.3b), where it is also clearly
viewed that the catalyst droplet did not maintain its spherical shape, indicating
polycrystalline growth.[2%? Further focus on the blue and green squares of this figure,
corresponding to the top and side regions of the nanosheet, are presented in Figs.

6.3c-d. In these detailed images it can be seen that there are twin defects and stacking
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faults, while the polytypic nature is confirmed. It is interesting to notice that in ref.[200],
which examines the structural aspects of the current samples, increasing the
temperature at 525°C leads to a further reduced density of crystal defects. The same
was the case after increase of the In flux to 8.5x107 Torr.[2% The improvement of
crystal quality with increasing growth temperature is an observation that has been
made before in 1D InAs NWs® and is consistent with previous reports stating that
defects are not static and their movement is thermally activated.[*'Y The above
indicate the high material quality of the samples and the potential for further
improvement in the future via the aforementioned adjustments in the growth
conditions. It is noted that the high brightness region surrounding the darker nanosheet
core in Fig. 6.3, which could correspond to the shell formation due to the addition of

Ga, has a thickness of roughly 20 nm.

Figure 6.3: a) TEM image of a nanosheet structure. b) Focus on the red square of Fig.
6.3a. c-d) Further focus on the blue and green squares of Fig. 6.3b representing

regions of the tip and side of the InAs nanosheet, respectively.[200]
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After having referred to the structure and morphology of the nanosheets, we will
proceed with the optical analysis, which has been the main focus of our research due
to the interesting optical response of the samples. The above are described in detail

in the following sections of chapter 6.

6.3) Power-dependent photoluminescence on InAs nanosheets

6.3.1) Methods of measurements/Signs of “memory effect”

As previously mentioned in the current chapter, the high density of surface states in
2D nanosheets causes significant differentiations in the PL spectra that are acquired
due to charging of the material via electron trapping at these states. The results are
indicative of the arising of the “memory effect”. It is pointed out that optoelectronic
memory units typically function by carrier trapping in states.[?!l For instance, carrier
depletion in the active channel occurring due to carrier trapping at the surface of the
material can lead to robust PL signal after light irradiation.[292-2%3] This is indicative of
the ability of the structure to acquire “memory” of its previous state via a charging and
discharging procedure of the surface. In order to evaluate whether this phenomenon
is presented in the different samples that we measured, we performed two sets of
measurements. In the initial approach, the power of excitation was increased from 0
mW to 1000 mW, whilst in the second approach it was reduced from 1000 mW to O
mW. For the rest of the current chapter, the two techniques will be referred to as the
“‘power-up” and “power-down” approach, respectively. It is important to mention that
for all the power-dependent measurements in both approaches, the temperature was
stable at 10 K, after cooling down the system with liquid helium. For the temperature-
dependent measurements, the power of excitation was set at the value that resulted

in the maximum signal for each sample, in order to trace it at higher temperatures. The
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temperature was increased from 10 K to RT, in order to inspect the maximum

temperature where robust emission was exhibited.
6.3.2) Pristine InAs nanosheet samples

Initially, the measurements were carried out on pristine InAs nanosheets, where an
intriguing phenomenon was observed. The “power-up” measurements showed no
strong emission throughout the entire range of scanning. This can be viewed via the
solid lines of Fig. 6.4. It is demonstrated that from 50 mW until 1000 mW the peak is
very weak and exhibits severe broadening and wide fluctuations. It is noted that the
lack of peak at 0 mW signifies that the emission derives from the InAs nanosheet
samples and that the noise contributions are negligible if any. However, after the
termination of the “power-up” approach, a second scan at 1000 mW was immediately
recorded. Following that, the “power-down” approach was conducted, where strong
emission was evident in the entire range of measurements acquired. This can be

viewed via the dashed lines in Fig. 6.4.

From the results of Fig. 6.4, it is clearly depicted that there is a radical increase in
the PL intensity of the “power-down” approach, when compared to the “power-up”
approach. This is indicative of the presence of a mechanism that instantly weakens
the PL response during the latter approach. On the contrary, this mechanism is
significantly weakened after the scanning at the maximum power of 1000 mW. The
function of this mechanism is possibly based on carrier depletion in the channel due
to trapping by the surface states leading to reduced recombination rate. Hence, the
optical response is radically reduced, as the trapped carriers at the surface states do
not recombine. Nevertheless, after the first scan at 1000 mW, the large number of

photogenerated carriers occupies the majority of surface states, eventually saturating
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this mechanism. Ergo, strong peaks appear during the subsequent “power-down”
approach. Considering the high density of surface states and the known impact they
have regarding optoelectronic “memory effect” via electron trapping and de-
trapping,[2°22%4 it can be interpreted that the peculiar observations originate from
electron trapping at the surface of the InAs nanosheet samples during the initial
‘power-up” approach, which is saturated after scanning at high excitation powers
leading to the appearance of strong PL peaks during the “power-down approach”. The

above are suggestive of the “memory effect”.

It is noted that the role of electrons at the surface states is prominent in InAs-based
materials that typically form an electron accumulation layer, causing modifications in
the band diagram. This is depicted in the schematics of Fig. 6.5. Specifically, at the
initial stages the photoexcited carriers are filling surface states and start forming the
accumulation layer (Fig. 6.5a). Next, after the termination of the “power-up” approach,
the surface states are occupied and the accumulation layer at the clean InAs surface
has formed (Fig. 6.5b). Finally, the “power-down” approach begins and since the
surface states are occupied the newly photoexcited carriers will recombine radiatively

leading to the generation of strong PL peaks (Fig. 6.5c).
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Figure 6.4: Plot of the signal as a function of the excitation power, for “power-up” (solid

lines) and “power-down” (dashed lines) approaches for pristine InAs nanosheets.
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Figure 6.5: a-d) Schematic representation of electron trapping based on the band
diagram schematics. Initially the photogenerated carriers due to laser excitation (black
arrow) leads to occupation of surface states that leads to the formation of an electron
accumulation layer at the surface (Fig. 6.5a). Then after the “power-up” approach is
terminated, the surface states are filled and the electrons have accumulated at the
InAs clean surface (Fig. 6.5b). Hence, subsequent further excitation will lead to the

new carriers recombining as depicted with the dashed rectangle of an electron-hole

pair (Fig. 6.5¢).

For a more representative inspection of the PL intensity trends, the values for both

“‘power-up” and “power-down” approaches for pristine InAs nanosheets were plotted
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as a function of the excitation power. The results are presented in Fig. 6.6a. The curve
for the “power-up” approach shows weak intensity of the emission peaks, which is
almost stable at low excitation powers and slightly increases at the highest powers
used. Opposite to this, the “power-down” measurements indicate the intensity
increases. Interestingly, two regimes are clearly illustrated. Regime Il includes the
surprising observation of increasing PL intensity with declining excitation power from
1000 mW until 200 mW. Regime | extends from 200 mW to 0 mW, where this
behaviour is reversed and the intensity of the peak is decreasing with declining
excitation power. The latter is presenting the anticipated behaviour in power-
dependent optical experiments. The origin of the two regimes is suspected to be the
modifications in the ambient temperature caused by laser heating. Specifically, at the
initial stages of the “power-down” measurements the surface states are fully occupied,
so the carriers provided by the excitation beam recombine radiatively, but it is possible
that the intensity is reduced due to the impact of laser heating in the temperature.
While reducing the power of excitation, laser heating becomes less pronounced, the

temperature is reduced and the intensity of the PL signal increases.

Besides, Gaussian fitting was performed on the peak with the maximum intensity
(200 mW excitation power). This peak is centred at 2870 nm and exhibits broad
linewidth. The results are displayed in Fig. 6.6b, where it is conspicuously presented
that the broad peak (spectrum A) is centred around 2870 nm is comprised of three
individual transitions, located at 2649 nm, 2838 nm and 3040 nm (labelled as spectra
B, C and D, respectively). These values of the wavelength correspond to 468 meV,
437 meV and 408 meV, respectively. Spectrum C has the highest intensity, while
spectrum D is very broad and exhibits the smallest contribution to the overall emission.

Similar results have been reported for InAs in the past.[?®®! It can be suspected that the
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peak at 2838 nm which is the most pronounced is related with ZB InAs band-edge
emission.?%1 On the other hand spectrum D can be deriving from previously observed
donor-acceptor pair recombination, as reported by Lacroix et al.[?%¢ Finally, spectrum
B could be linked to surface state emission.[?%! This can be further supported by the
fact that this peak is suppressed upon employment of surface passivation, as will be
described further on in the current chapter. It is noted that surface-state related above-
band-edge emission is not uncommon in InAs nanostructures. This is attributed to the
electron accumulation layer that is formed on clean InAs surfaces.[297-2%81 Some of the
surface states lead to Fermi level pinning above the conduction band minimum which
in turn leads to surface excitation at energies higher than the bandgap and above the
conduction band minimum.[?® As this is the case on clean InAs surfaces, this

phenomenon is uplifted upon surface passivation, as will be discussed later on.
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Figure 6.6: a) Plot of the intensity of the emission as a function of the excitation power
for “power-up” (red) and “power-down” (black) approaches in pristine samples. b)
Gaussian fitting of the peak with the maximum intensity at 200 m\W excitation power.

Three transitions are contributing to the formation of the total emission.
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6.3.3) Chemically Passivated InAs nanosheet samples

In the beginning of this chapter, an introduction on the passivation methods applied
for NWs which also have a high density of surface states was made. Here, we will
describe the first passivation technique that we performed in the InAs nanosheet
samples that we inspected, which is chemical passivation. Specifically, we exploited
(NH4)Sx solution to remove surface dangling bonds, by the trend of sulphur atoms to
be bonded with both In and As.[?°"] The passivation was achieved via placing the InAs
nanosheets samples in 40 mL of (NH4)Sx with 5% concentration. This corresponds to

50 grammars of sulphur. The samples in the solution was heated at 40 °C for 10 mins.

The proceeding measurements recorded were the same as in the case of pristine
structures. “Power-up” PL experiments on chemically passivated samples revealed
the presence of a distinct peak, which is strong even at low excitation power of 50 mW.
The peaks related to the “power-up” approach are illustrated as solid lines in Fig. 6.7,
which demonstrates the graph of the signal as a function of the excitation power. The
peak intensity is continuously increasing until 400 mW. Opposite to the case of pristine
samples, the results of the “power-down” approach are almost identical to the ones of
the “power-up” approach in terms of general trend and are presented with the dashed
lines in the same figure. The above indicate that surface passivation was effective in
neutralizing the vast majority of surface states and enhancing the optical response of

the nanosheets.
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Figure 6.7: Plot of the signal as a function of the excitation power for “power-up” (solid
lines) and “power-down” (dashed lines) approaches of chemically passivated InAs

nanosheets.

For a more thorough inspection of the passivation effect, the peak intensity is plotted
as a function of the excitation for both approaches (similar to Fig. 6.6a for pristine
samples). The results are shown in Fig. 6.8a, where it can be deduced that the “power-
up” and “power-down” curves follow the same trend, accentuating the strong influence
of surface passivation on the “memory effect”. It is noted that some slight
discrepancies in the specific values of the intensity are presented between the two
methods. Moreover, for excitation powers above 400 mW the intensity of the PL signal
is reduced. The explanation for this could be laser heating that intrinsically increases
ambient temperatures and reduces the intensity of the PL signal. Even though the
critical value is higher than the case of pristine structures (200 mW), temperature-
related phenomena which affect surface-related processes have an impact on the
intensity of the emission despite the presence of the chemical passivation. Hence, the

stability of the sulphur treatment is not ideal.

Additionally, Gaussian fitting was performed in the peak with the highest intensity
(400 mW excitation power). The results, presented at Fig. 6.8b, show that the emission
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peak is centred at 3020 nm (spectrum A) and is attributed to two individual transitions,
one with higher intensity at 2983 nm (spectrum B) and a weaker peak at 3370 nm
(spectrum C). It is noted that the former which presents the highest contribution to the
overall peak corresponds to an emission energy of 415 meV and is suspected to derive
from ZB band-edge emission.[?37] This peak is similar to spectrum C of Fig. 6.6b for
the pristine samples. Furthermore, the peak at the highest wavelength (spectrum C)
corresponds to an emission energy of 367 meV. Similar peaks have been observed in
the past for epitaxially grown InAs structures and have been attributed to impurities
that were located roughly 35 meV above the valence band level.[2?9-300] The peak at
the lowest wavelength in the case of pristine samples is entirely suppressed after
surface passivation, further supporting the hypothesis that it stems from surface state-

related emission.
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Figure 6.8: a) Plot of the peak intensity as a function of the excitation power for both
‘power-up” (red) and “power-down” (black) approaches in chemically passivated InAs
nanosheets. b) Fitting of the peak with the maximum intensity at 400 mW excitation
power of chemically passivated samples. Two transitions contribute to the overall

signal.
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6.3.4) Physically passivated InAs nanosheet samples

Even though the aforementioned passivation via sulphur treatment is effective for
neutralizing surface states, as seen by the elimination of the carrier trapping, it can be
observed that thermal instability is still present as indicated by laser heating. In
addition, residual impact of “memory effect” is observed signifying that albeit effective
sulphur treatment does not fully suppress this phenomenon. The above created the
need for another alternative. A widely used method for surface passivation is the
configuration of core/shell, acting as a means of physical passivation. It is well known
from studies in NWs that core/shell architecture, where the main structure is
surrounded by layers has a 3-fold role of surface passivation, carrier confinement in
the core and protection of the core from oxidation, while improving thermal stability of
the core.l!’0-171] |t is noted, however, that it is possible for crystal defects such as
dislocations to be observed at the core/shell interface owing to strain induced by the
different material platforms. Hence, it is important to consider the design of the
core/shell architecture using the optimum material combinations for the aimed

nanostructures.

Similar to NWs, a shell comprised of layers of a different material platform can also
be grown surrounding the active material of the nanosheet, which in this case is InAs.
The shell that was grown in this particular scenario was InGaAs, which was achieved
by the introduction of Ga in the reactor, after the termination of the InAs nanosheet
growth and prior to terminating the entire procedure. InGaAs is a ternary alloy with a
bandgap ranging from 0.35 eV (InAs) and 1.42 eV (GaAs) at room temperature. Due
to InAs being one of the binary compounds synthesizing the ternary alloy, this material
has been exploited in the past for the realization of InAs/InGaAs heterostructures. 01

303] For instance, reports have shown that vertical metal-oxide-semiconductor FETs
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(MOSFETS) can be achieved from InAs/InGaAs core/shell NWs.[301-302] To the best of
our knowledge this material combination has not been employed for the realization of
InAs/InGaAs core/shell nanosheets in the past. However, considering the good results
on the same platform when adopted for NWs, it is anticipated that further works can
enable its wider-scale employment for nanosheets especially with respect to the

promising potential of the structures.

In the case of the InAs nanosheet samples, physical passivation was acquired via
growing an InGaAs shell surrounding them. The identical power-dependent methods
as in the previous cases were performed in order to assess the impact of the InGaAs
shell on the optical behaviour of the structures. “Power-up” results that were initially
conducted revealed very robust emission peaks, whose intensity is increasing with
arising excitation power. The peaks are depicted as solid lines in Fig. 6.9. The “power-
down” approach produces similar results, shown by the dashed lines in Fig. 6.9.
Interestingly, laser heating effect that caused weakening of the peak of chemically
passivated samples after the threshold of 400 mW excitation power, is not exhibited
in core/shell nanosheets. Moreover, the intensity of the signal exhibits a twofold
increase when compared to the chemically passivated samples and threefold increase

when compared to pristine InAs nanosheets.
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Figure 6.9: Plot of the signal as a function of the excitation power for “power-up” (solid
lines) and ‘power-down” (dashed lines) approaches of InAs/InGaAs core/shell

nanosheets, with the shell acting as a means of physical passivation.

For a complete evaluation of the effect of the physical passivation on the optical
behaviour of the structures, the intensity of the signal as a function of the excitation
power was plotted for both the “power-up” and the “power-down” approach (Fig.
6.10a). The results convey that the intensities are very close and follow the same trend
in both procedures. In addition, the intensities in the case of the “power-up” approach
are always slightly higher. This is in stark contrast to the previous cases of pristine and
chemically passivated samples where the trends of the intensities of the signal were
significantly differentiated between the two approaches. This is suggestive of good
stability and shows potential for functionality of these structures. It is pointed out that
the peak that presented the highest intensity in this case was acquired for 1000 mW.
This indicates that laser heating did not occur in the current samples, unlike the
previous cases. It could be attributed to the fact that the InGaAs shell protected the
core from laser heating, thus InAs-related emission did not exhibit any quenching as
a result of the increasing power of excitation. Moreover, the peak that presented the

highest intensity was processed via Gaussian fitting (Fig. 6.10b). It can be distinctly
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observed that the overall peak located at 3110 nm (spectrum A) derives from the
contributions of two individual transitions, similar to the case of the chemically
passivated nanosheet. In this case the first transition that has the highest contribution
is exhibited at 3095 nm (spectrum B), at slightly higher wavelength when compared to
the chemically passivated samples and the pristine samples, where the dominant peak
was presented at 2983 nm and 2838 nm, respectively. This peak corresponds to an
emission energy of 400.6 meV and is stemming from ZB band-edge emission.[?37! |t
is noted that this value is different to the one of the chemically passivated sample or
pristine InAs nanosheets, which were 415 meV and 437 meV, respectively. These
differences could be attributed to state filling effect. In pristine nanosheets or
chemically passivated where the passivation is not so stable, there is a high
concentration of carriers that accumulate as they are being trapped by the surface
states and carrier depletion in the channel occurs, as described earlier. This means
that it is possible for the Fermi level to shift into the conduction band, rendering the
transitions below this level impossible, causing a blueshift of the peak.[3® The second
peak is located at 3377 nm and is weaker and broader. It is almost similar to the
spectrum C in the case of chemically passivated samples, which was centred at 3370
nm and is possibly deriving from impurities that were located roughly 35 meV above

the valence band level.[299-300]
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Figure 6.10: Plot of the peak intensity as a function of the excitation power for both
‘power-up” (red) and ‘power-down” (black) approaches in core/shell InGaAs/InAs
nanosheets. f) Fitting of the peak with the maximum intensity of core/shell nanosheets.

The signal is comprised of two individual peaks.
6.4) Temperature-dependent photoluminescence measurements

Following the interesting findings of the power-dependent analysis and
interpretation for the realized configurations, we measured the temperature-
dependent results. Initially, the relevant spectra for pristine InAs nanosheets are
presented (Fig. 6.11a). It is underlined that the excitation power was the one that
produced the signal with the highest intensity in order to compensate for the
anticipated rapid reduction of the PL signal with increasing temperature. So, in this
case it is 200 mW. A robust peak is distinguished at 10 K. As expected, the intensity
of the signal quenches fast with elevating temperatures. After 125 K, emission is fully
suppressed. It is noted that laser heating that was estimated to reduce PL intensity as
seen earlier could play a role in this premature suppression of the peak. Nevertheless,
the fact that the peak can be observed up to 125 K, which is far above the cryogenic

limit, is promising for the potential of the nanosheets as light emitters.
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Similar spectra were recorded for the sulphur-treated samples. The power of
excitation used was 400 mW, as it was the value that led to the strongest signal
obtained. The results are illustrated in Figs. 6.11b-c. Specifically, it is presented that
the intensity of the peak is quickly limited and is reducing fast above 100 K (Fig. 6.11b).
The remaining spectra are presented in a separate graph, for facilitation of the readers
(Fig. 6.11c). It can be seen that despite the weakening of the signal, emission is
sustained up to 225 K. Moreover, the results for the physically passivated samples are
presented. Initially, the power of excitation was set at 140 mW, as it produced a signal
with similar intensity as in the case of sulphur-treated structures. Similar to chemically
passivated nanosheets, increasing temperature caused fast decay of the peak
intensity (Fig. 6.11d). However, in this case there was room to increase the excitation
power, as the initially chosen one was not the optimal but it was the one that produced
a signal comparable to the sulphur-treated nanosheets. Consequently, after 150 K,
the power was increased. Specifically, after 200 K, the power reached 600 mW, which
allowed us to acquire spectra with more noticeable peaks and observe RT emission
deriving from the samples (Fig. 6.11e). It is reminded that as shown earlier in the
power-dependent measurements, the shell protected the samples for laser heating
effect and provided them with stable passivation, which could account for the improved
temperature-dependent results. Nevertheless, further works and studies should follow
in order to fully elucidate the underlying phenomena and evaluate the potential of

these structures in light-emitting applications.

Finally, for a direct comparison of the results, the intensity of the signal as a function
of the temperature was obtained for all three configurations and is presented in Fig.
6.11f. In the graph, it is corroborated that the intensity of the peak for pristine InAs

samples remains at a comparatively low level throughout the measurements and is
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entirely suppressed after 125 K. On the contrary, sulphur treatment has led to an
augmented initial intensity at 10 K, which is however rapidly diminished with increasing
temperatures. Nevertheless, the peak remains noticeable at 225 K. Regarding the
physically passivated InAs samples, it is significant to observe that while no RT signal
was noticed at low excitation powers for core/shell nanosheets, at powers above 400
mW the peak was maintained up to 300 K. This could not be valid for sulphur-treated
and pristine structures as above this excitation power the intensity of the signal was
reduced potentially due to laser heating. The dashed, blue lines in Fig. 6.11f
correspond to the temperatures where the excitation power for core/shell samples was

increased to combat the suppression of the signal.
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Figure 6.11: a) Temperature-dependent PL on pristine samples. b) Temperature-
dependent PL measurements on chemically treated samples, within the range of 10
K-150 K. ¢) Temperature-dependent PL on chemically treated samples, within the
range of 150 K-225 K. d) Temperature-dependent PL on core/shell nanosheet from 10
K until 150 K. e) Temperature-dependent PL of core/shell samples from 225 K until
RT using power of 600 m. f) Plot of the maximum intensity of peaks as a function of

the temperature for all the realized samples.

Before proceeding to the description of the rest of the experiments, we consider it

important to demonstrate a comparison among the three types of 2D InAs nanosheets
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that we examined with respect to their optical properties. This is significant due to the
wide variations in terms of optical response as a result of different surface state
configurations. The summary of the comparison is encapsulated in Table 4 below. The
three types we inspected were pristine, chemically passivated (via (NH4)Sx treatment)
and InAs/InGaAs core/shell nanosheets. The most prominent difference is the direct
result of surface passivation which is the response during the “power-up” approach.
While pristine nanosheets did not produce noticeable signals during this procedure as
a result of carrier trapping at the rich surface states, after passivation this phenomenon
was eliminated. Therefore, robust peaks appear for both chemically passivated and
core/shell structures. The above observation also leads to the major difference of the
optically investigated samples, which is related to the existence of “memory effect” for

the pristine nanosheets as opposed to the passivated.

The third difference is related to the wavelength of the emission. It can be seen that
while the emission peak with the maximum intensity was located at 2870 nm for the
pristine nanosheets, this peak appeared at 3020 nm for the chemically passivated and
3110 nm for the core/shell nanosheets. It is reminded that this observation is attributed
to state filling effect in pristine nanosheets and existing but less dominant state filling
effect in chemically passivated nanosheets. Since the sulphur passivation is not as
stable, there are carriers that accumulate at the surface as they are trapped by the
rich surface states. The same is the case for pristine structures. This leads to carrier
depletion in the channel that causes Fermi level shifting into the conduction band,
prohibiting transitions at low energies (high wavelengths).[?¢] Besides, the intensity of
the signal is increased as a function of the stability of the passivation as anticipated.
The maximum intensity of the signal for pristine nanosheets is 3.6x10 nA. It is noted

that this value is observed at 200 mW during the “power-down” approach. For the
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chemically passivated structures the maximum intensity is 6.2x10° nA, as a result of
surface passivation improving thermal stability, while for the optimum core/shell

nanosheets the intensity reaches 1.4x10° nA.

The thermal stability is also varying. This is suggested by the existence and impact
of laser heating effect. Specifically, pristine InAs nanosheets exhibit laser heating
effect after 200 mW, leading to the power for the signal with the maximum intensity
being 200 mW. The corresponding value for chemically passivated structures is 400

mW, while for the core/shell nanosheets no laser heating is observed leading to the

maximum intensity being obtained at the maximum power applied, which in this case

is 1000 mW.
InAs Nanosheet |“Power-up” (Memory |Wavelength for max signal | Max Laser Heating | Power for max
type signal Effect (nm) Intensity Effect signal (mW)
(nA)
Pristine No Yes 2870 3.6x10° Yes (after 200 200 mW
mW)
Sulphur-trcated ~ Ycs No 3020 6.2x10 Yes (aftcr 400 400 mW
mW)
Core/Shell Yes No 3110 1.4x10° No 1000 mW
(InAs/TnGaAs)

Table 4: Encapsulation of the basic comparison merits among the three different types

of InAs nanosheets that were examined.

6.5) Comparison of our work with previous works on InAs

nanosheets

Following the optical analysis of the InAs nanosheets that we investigated, it is
important to highlight the importance of our experiments by presenting a brief
comparison among the current samples and previously reported works on InAs
nanosheets. It is reminded that 1lI-V semiconductor nanosheets have attracted

attention because of the combination of the 1l1-V optically active features, including
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high carrier mobility and direct bandgap, with the advantageous characteristics of
nanosheets such as their free-standing nature and their two-dimensionality. It is noted
that as a result of the last two properties mentioned, several devices have been
fabricated based on nanosheet structures, including optoelectronic memory
applications®%5-307] and hybrid superconductor-semiconductor applications for use in
topological networks.[3%8-3101 |n addition, the fabrication of gate-all-around FET based
on InGaAs nanosheets has been reported.®'Y Regarding the particular category of IlI-
V nanosheets, InAs is a beneficial alloy due to its inherent properties namely the high
electron mobility and narrow bandgap, which were discussed earlier in the current
chapter. High-purity InAs nanosheets have been reported.[200.208-209] The studies on
their crystallinity and material quality have shown that one good route for their
fabrication, ensuring high quality is their growth directly from 1D NWs, which can be
tuned by altering the growth parameters, as is the case for the nanosheets that we

optically investigated.[200]

Free-standing InAs nanosheets grown via MBE have been used for the fabrication
of FETs in the past.[312 The study of magnetotransport measurements on the devices
revealed that strong spin-orbit interaction is present as indicated by the short spin-orbit
length. Their results suggested that such structures can be used for spintronic
devices.l3%? Moreover, time-resolved PL measurements on both 1D InAs NWs and
2D InAs nanosheets have shown that the latter have a much higher lifetime, which

increases with elevating temperatures.l2%

It is noted that the use of nanosheets for optoelectronic memory units has been
reported in previous works using materials other than IlI-V, so the prominent role of
surface traps and their exploitation for “memory effect” in such structures has been

established.[3%5-3071 Nevertheless, despite the important works cited above, to the best
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of our knowledge, there have been no reports of PL studies with respect to the
existence of “memory effect” in InAs or other IlI-V nanosheets, which further

accentuates the importance of the work presented above.
6.6) Optical Memory Unit Based on pristine InAs nanosheets

Following the analysis of the vibrant optical properties of InAs nanosheets, we will
focus on the performance of fabricated FETs based on the pristine samples. We
consider that this work can be regarded as a continuous research project directly
linked to the results that we acquired via the PL measurements on the same InAs
nanosheets that were described earlier. Ergo, we believe that it is important to include

those results in the current section of the thesis.

The fabrication of the devices was achieved via the following procedure. A small
piece of InAs nanosheet on Si(111) was cleaned with oxygen plasma to eliminate
contamination by dirt and to promote the oxide layer formation on the surface of the
structure. This ensures the NPR that was wanted. Then the nanosheets were released
via ultrasonication of the sample, immerged with small amount of IPA in a beaker for
roughly 1 min. Moreover, a pipet was used to transfer the IPA solution with released
InAs nanosheets onto a clean SOI substrate, whilst the natural evaporation of IPA
followed. The SOI substrate was fabricated with an Au/Ni gate via the following
method. Initially, a piece of 285 nm SiO2 on P*-Si(001) substrate was spin-coated with
photoresist and heated for 1 min on a hot plate at 180°C. An area of 1x3 ym was
optically exposed via Karl Suss MJB3 Mask Aligner. Then the SOI substrate was
dipped into BOE solution for 2.5 mins in order for the SiO2 to be removed from the
exposed area. After cleaning and drying with a N2 gun, the substrate was thermally

evaporated with Ni/Au in an analogy of 10 nm/100 nm. Then the lift-off process took
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place with MIBK solution, cleaning and drying. The SOl was then ready to
accommodate the transferred nanosheets. The Ni/Au layer was deposited by thermal
evaporation. EBL Elinox was conducted for the patterned electrodes on the SOI with
gate, which was then followed by the lift-off in acetone. A final EBL was required to

connect the InAs nanosheets to the contacts.

As mentioned earlier, the reason of this particular choice for our device fabrication
is the “memory effect” that renders the structures promising for optoelectronic memory
compounds. Due to the nature of the InAs material, InAs-based devices have
demonstrated negative photoresponse (NPR) and positive photoresponse (PPR)
under different experimental methods and fabrication procedures. In the former
regime, the current is decreased after light illumination, while the opposite is the case
in the second regime. The carrier trapping in the oxide layer or photon gating layer can
cause NPR,[293.313-314] while on the other hand reports have shown that there is a light
intensity threshold for NPR to PPR transition with proper oxidation layer removal.[31%]
Moreover, NPR to PPR transition can be wavelength-dependent over 1060 nm
wavelength of the incident light.[?®3! Based on the above, photoexcitation scattering
centres can be charged under minimum light intensity, which leads to a non-negligible
lowering of the current in the devices. Opposite to this, under high light intensity the
carrier density is enhanced leading to PPR. Hence, we can deduce that InAs
nanosheets demand low channel current under two different scenarios. In one
scenario, the devices require low channel current with no light illumination, while a
notable PPR is necessary to burden power consumption. In the second scenario, in
order to obtain stable NPR, the low channel also needs to remain at adequately low
levels. In both situations the demand for low channel current is an important

prerequisite. Hence, considering that the channel current, which is the drain-source
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current is proportional to the drain-source voltage, it can be inferred that in order to

minimize the power consumption of the devices, NPR driven by low Vbs is desired.

The mechanism of NPR is schematically presented in Fig. 6.12a. For 2D materials,
the area of the InAs/surface oxide and InAs/SOI interfaces is much larger when
compared to 1D materials, such as NWs. When the light source is provided,
photoexcitation causes more electron-hole pairs within the alloy (Fig. 6.12a). These
hot carriers have different potential of being trapped by surface states or trapping
centres at the interfaces that were mentioned, as illustrated in Fig. 6.12b. The trapped
electrons create an internal electric field. The energy barrier of these electrons is
released slowly via thermalization or rapidly via the influence of external electrostatic
field. During the time that electrons are trapped, the electron density in the InAs
channel is much lower which causes a drastic decrease in the channel current, as is
typical in NPR. It is noted that if the trapped centres are rare or if low energy photons
are used as light source, PPR becomes dominant in the excitation mechanism. Hence,
O2 plasma is used to increase trapping state on the nanosheet surface. The light

source that is chosen is blue at 405 nm.

Besides, |-V sweeps were conducted to corroborate the gate controllability and
expose the basic electronic characteristics of the FETs. Vps was swept from -1 mV to
1 mV and the gate voltage took the values of 0, 50 V or -50 V. The results suggest a
gate-controlled ratio of Ibs of 104, as shown in Fig. 6.12¢ that encapsulates the Ips-Vbs
curve. The Ips-Ves curve is presented in Fig. 6.12d and suggests fast increase of Ips
at Ves=-13 V. The mobility of the FETs can be calculated by employing the following

two equations:

_ dlgs L2
ans CoxVads

(1)
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The typical length for the channel (L) is 4 ym and the typical width (W) is 1 ym. The

Cox =

thickness of the dielectric layer is 285 nm. The differential part of equation 1 can be
obtained by the differential plots of Fig. 6.12d. Cox is the back-gate capacitance. Fig.
6.12e shows an example of the differential plot, where the peak transconductance is
gm=5.868x10"° Q1, & is the permittivity of the vacuum and & is the relative permittivity
of SiO2. Based on the described variables and the calculations, the peak mobility of
the InAs FETs is 1936.87 cm?V-1s! at 290 K, with Vbs=1 mV and Vg=-17.5 V. The high

value of the mobility reveals the high quality of the InAs nanosheets.

Moreover, the gate sweep from -50 V to 50 V and vice versa is presented in Fig.
6.12f. The Vbs is kept at 1 mV and the gate sweep speed at 10 V/s. The hysteresis
loop that is formed and the n-type trend are shown as a result of the internal
electrostatic field that originates from the electron trapping at the InAs/oxide and
InAs/SOI interfaces. The gate hysteresis is dependent on the InAs/SiO: interface and
the sweeping rate of the gate voltage. Specifically, it has been indicated that slow
sweep rates allow for neutral charging of the surface states, which causes higher
transconductance values.[®'6] The high gate sweep in this case leads to hysteresis
voltage of 37.5 V, defined by the width between the two highest mobility points of the
sweeps (Fig. 6.12f). Even though these results may not accurately reflect the intrinsic
values as they are strongly dependent on the measurement configurations, the high
mobility that was calculated demonstrates the promising potential of INAs nanosheets
for low channel current when compared to the dark current under the influence of a
low Vps. Stability can also be inferred via measurements of Ips of the nanosheets
under continuous gate voltage for 1000 sec, as provided in Fig. 6.12g. Different gate

voltages allow for more controllability of the channel current.
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Figure 6.12: a) Schematic representation of structure layout of InAs nanosheet on
SIO substrate. b) The mechanism of NPR of InAs nanosheet. Grey ball indicates
electrons, black ball indicates holes. c¢) Transfer curve of drain-source voltage sweep
verses drain-source current, where drain-source voltage Vgs sweeps from -1mV to
1mV with different gate voltage Vg¢= 0V,-50V and 50V. d) The drain-source behaviour
under sweep of gate voltage from -50V to 50V, with different Vgs. €) The differential of
up sweep in Fig. 6.12d when Vgs=1mV, showing the transconductance from Gate
voltage -50V to 50V. f) Transfer curve of gate voltage sweep from -50V to 50V and
vice versa with Vgs=1mV. Gate hysteresis is indicated by joining the inception points
of peak mobility points of up sweep and down sweep. g) The channel current stability

with applying continuous gate voltage Vg= 0V,-50V and 50V.
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The hysteresis effect that is conspicuously presented in the I-V curves above and
the stability of the electrical characteristics of the FETs show the potential of InAs
nanosheets as the foundation of electronic devices with respect to their gate-tuneable
electron-doping capability. The electrically modulated trends that are exhibited in the
structures are inspected as the next step to their thorough characterization. To
establish the same level of trapped electrons within the FETS, an erase pulse of Vg=-
50 V was applied for 1 s before the conduction of each set of measurements. This
eradicates the trapped electrons at the device interfaces. The negative gate voltage
causes an external electric field promoting the de-trapping of electrons in the surface
centres. Different Vec of -10 V, 0 V and 10 V are applied, leading to the values of the

base channel current varying at Vps=-1 V. The results are shown in Fig. 6.13a.

Moreover, programmed gate pulses are applied with ascending order (20 V-50 V)
for 1 s, with a time interval of 45 s between each set of pulses. It can be concluded
that the Ips adopts a step-like form, while the application of higher pulse voltage leads
to a distinct decline. This is originating from the free carrier trapping as a result of the
electric field, in the reverse process of the de-trapping mechanism. However, the
density of carriers that can be trapped following this scenario is small when compared
to the light excitation. With a base-gate voltage of 10 V, the first pulse of 20 V does not
formulate step-like characteristics. This suggests that the base-gate voltage
contributes to trapping of electrons. Further decline in the Ips demands for stronger
positive voltage, as observed in Fig. 6.13a for the remaining pulses. On the contrary,
a negative base-gate voltage of -10 V leads to noise and instability of the step-like
features. This phenomenon can stem from the fact that Ips approaches the intrinsic
dark current and is difficult to distinguish one from the other. Under the adequate

conditions, the programming is stable for Vs of 0 V or 10 V. A repeated procedure of
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erase and stepping of electrical programming can be demonstrated in Fig. 6.13b for
three periods. The erasing pulses, Vbs and the programming pulses are similar to the
ones used for the production of Fig. 6.13a. The electrical programming shows a high
level of reproducible behaviour in the absence of external impacts such as light. The
above are highly promising for optical memory units, with the potential of
reprogramming and erasing. Eventually, as shown in Fig. 6.13c, the binary flash
memory features are depicted under Vsc of 10 V, with erase pulses with a voltage of

-50 V and programming pulses with a voltage of 30 V.
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Figure 6.13: a) Graph of Vg4 (lower panel) and Ips (upper panel) under Vps of -1 V, with

programming pulses of ascending voltage being applied every 45 seconds. The step-

like behaviour of the Ips is conspicuously shown. b) Graph of Vg4 (lower panel) and Ips

(upper panel) following a repeated procedure of erase and step of electrical

programming, with the conditions being identical to the ones of Fig. 6.13a. c) Graph of

Vg (lower panel) and Ips (upper panel) under base-gate voltage of 10 V, erase pulses

at -50 V and programming pulses at 30 V.
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Apart from the aforementioned electrical programming of the pulses, the optical
features of the InAs nanosheet-based FETs were further investigated. During the first
steps, a -50 V pulse was applied for 1 second to erase the trapped electrons at the
interfaces of the devices before each measurement. As a result of this pulse, the
channel current is lowered to a minimum level. After this, it returns to the default level
after the application of the erasing pulse. The different power of the laser source which
is 405 nm wavelength exposes the device for 3 seconds. In Fig. 6.14a, the drain-
source current is measured under different laser powers for 1000 seconds. While it
can be seen that some decay is presented over time, the current is low and gradually
obtains the value of 1 nA with increasing laser power of 63 mW, without significant
fluctuations. The Vos is fixed at 1 mV. After the carriers are trapped, the current level
remains low for a relatively long period of time, which is indicative of the capacity of

the device for data storage.

For the next stage of the experiment and to examine photodetection, the device with
the best conductivity was chosen. In order to ensure reproducibility of the channel
current and guarantee that it can be reset to the default level, the repeated binary test
was carried out by a loop, an erase and light exposure. This is conspicuously shown
in Fig. 6.14b, where a repeated period of 100 seconds was set and the blue light with
a power of 63 mW was applied at 50 seconds of the period, while Vbs was fixed at 1
mV. After every erasing pulse, the channel current is reset to a level of 10-” A and after
every light exposure it is decreased to roughly 2x10® A. Furthermore, the mobility of
InAs and the low resistance of the device allow for a high channel current even at the
low level of drain-source voltage that was selected for the experiments. Hence, Vbs
was varied in order to find a lower limit for the FET photoresponse, which would be

energetically preferential as it would signify low power consumption and consequent
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energy saving. In order to achieve ultra-low photoresponse, it needed to remain low
and present a decrease after light exposure. In Figs. 6.14c, the binary tests were
conducted under various Vps of 10 mV, 0.1 mV and 0.02 mV, from top to bottom panel,
respectively. The channel current ratio before and after exposure was 5 for every Vps
employed. The photoresponse at the lowest Vbs of 0.02 mV that was chosen shows a
current level difference when compared to the default current level. It is reminded that
similar to the initial electrical sweeps, the driving voltage obtained low values with good
results, potentially as a result of the combination of InAs intrinsic high carrier mobility,
2D nature of the structure and high material quality. Eventually, in order to corroborate
a representative comparison, the power of the devices before and after light exposure
are shown in Fig. 6.14d, under the influence of different Vos. It can be inferred that at
the lowest Vps used, the power of the devices after exposure is ultra-low at 10> nW,
which demonstrates the potential of the devices for achieving ultra-low power

consumption from an optoelectronic memory unit.

It is noted that the driving voltages of the aforementioned mechanism were chosen
to be conducted with at ultra-low values reaching 0.02 mV, while the driving voltage of
Fig. 6.12 is merely 1 mV. The equipment in our facilities allows for the reduction of
drain-source voltage down to less than 0.001 mV, which facilitates the experiments in
terms of demonstrating the capacity of the structures to be used for the realization of
ultra-low power consumption memory cells. We believe that the intrinsic high carrier
mobility of InAs along with the high material quality with only occasional defects which
reduces scattering contributed to the low value of the voltage that was used for the
experimental procedure. The frame of reduction of the Vps that was provided to us as
a result of the good material properties and high carrier mobility allowed for a ratio of

the channel current post and prior exposure to take a value of 5. The aforementioned
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features led to the channel current being much higher compared to the dark current
even at the low programming voltages that were employed and display the potential

of the structures for implementation in device applications.
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Figure 6.14: a) The channel current stability after applying one second erase voltage
pulse of -50V and different power of blue light with wavelength of 405 nm. b) A binary
NPR loop includes one second erase voltage pulse of -50V and light exposure of blue
light with wavelength of 405 nm and 63mW, under Vgs=1mV. c-e) Similar loops of
binary NPR to the one shown in Fig.6b, under Vgs=10mV, 0.1 mV and 0.02mV. f) The
power of stand-by stage and detection/working stage of each binary NPR shown in

Figs. 6b-e, showing the lowest working power of 10> nW when Vg4s=0.02mV.
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6.7) Summary and Conclusions

In chapter 6 of the current thesis, we focused on the optical response of InAs
nanosheets and the analysis of the results that followed. For the thorough inspection
of the optical properties of the examined structures, “power-up” and “power-down”

approaches were employed, as described earlier.

Pristine InAs nanosheets, which have a high density of surface states, presented
supressed optical emission during the initial “power-up” method. On the contrary, the
subsequent “power-down” measurements led to robust peaks from the same samples.
This phenomenon has been attributed to the fact that after the “power-up” approach,
the overwhelming majority of surface states have trapped carriers and are occupied,
which allows for the new excitation beam to eventually lead to radiative recombination
of the photoinduced carriers in the nanosheet channel. This is indicative of the
“‘memory effect” and can be exploited for optoelectronic memory applications. The
examination of chemically passivated and physically passivated (core/shell)
nanosheets exposed that the neutralization of surface states caused the appearance
of strong peaks during both “power-down” and “power-up” approaches, due to the
elimination of the carrier trapping, thus surface charging, phenomenon. It is reminded
that while laser heating was observed in the pristine and sulphur-passivated
nanosheets, no such observation was made for the core/shell nanosheets which

indicates the suitability of physical passivation in light-emitting applications.

In addition, pristine InAs nanosheets were employed for the fabrication of an
optoelectronic memory unit in an FET configuration. The device showed NPR, while
the application of programmed gate pulse showed that higher pulse voltage leaded to

a decline of the Ips as a result of carrier trapping and de-trapping mechanism induced
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by the electric field. The Ipos under positive base-gate voltage adopted a step-like form,
while negative base-gate voltage led to instability of these features as in the latter
case, Ips approached the intrinsic dark current of the device. Furthermore, the
application of erasing and programming pulses exposed that the electrical
programming of the device had a highly reproducible nature, which revealed potential

of reprogramming and erasing that are key functions in optoelectronic memory units.

Importantly, using the device with the best conductivity, a binary test was conducted
via an erase and light exposure for a repeated period of 100 seconds. After every
erasing pulse, the channel current was reset to 10" A and after every light exposure
it was decreased to 2x108 A. Moreover, Vps was modified to find the lower critical
value for the device photoresponse. It was proven that the lowest Vs that was chosen
caused an ultra-low power after light exposure. The reduction of the current after light
exposure along with the reduced power at the lowest Vps indicate the capability of

such devices for ultra-low power consumption.

The subject of the fabricated optoelectronic memory unit based on pristine InAs
nanosheets ends the experimental section of the current thesis. In the following
section, we will summarize the results that were obtained from our research, conduct
discussion on the potential of the nanoscale structures and comment on possible
challenges. Finally, we will briefly introduce relevant research plans and works that

are programmed to be carried out in the near future.
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Chapter 7: Discussion and Conclusion

7.1) Summary of the presented results

In the work described in the current thesis, the importance of IlI-V low-dimensional
structures was accentuated, while the prominent role as building blocks for
optoelectronic and electrical devices and circuit components was displayed. Via
employing the beneficial MBE technique via adopting the VLS growth mode, the
synthesis and exploration of NWs and NWQDs was achieved, with an in-depth

characterization of their morphological, structural and optical properties following.

AlGaAs NWs were developed via the self-catalysed growth mode, which included
the complete elimination of Au and thus the metal-related contamination that affect the
structure compatibility with Si photonic applications. The droplet that initiated the
growth was composed of an Al/Ga alloy in the majority of the cases. The majority of
the NWs were perpendicularly oriented on the Si (111) substrates, with two frequent
variations being presented: namely kinked and branched NWs. Through the careful
TEM analysis, the elemental composition along the NW axis was found to be highly
non-uniform, with Al being concentrated more often at the bottom regions, while the
segment in the vicinity of the tip was Ga-rich, most likely attributed to the low diffusivity
of Al when compared to Ga. For the same reason, Al adatoms are more likely to
adhere to the sidewall facets causing a lateral VS expansion of the structures rather
than reach the droplet and contribute to VLS growth. Consequently, the NW core bears
a much higher Ga content, while the accumulation of Al at the sidewalls of the NWs
causes the spontaneous formation of an Al-rich, AlGaAs shell, with two distinct
features being observed. First, there are severe alloy fluctuations in the shell

manifesting themselves as phase separation. This characteristic can be exploited for
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the formation of QWs, quantum rings or QDs in the AlGaAs shell, which provides us
with a type of self-assembled non-classical light emitters. The second feature of the
shell is its varying thickness, which is reduced from bottom to top. Importantly, whilst
the crystallinity is predominantly ZB and no dislocations are observed (as an intrinsic
advantage of NW structures), there are severe twin defects and occasional thin WZ
insertions of roughly 6 MLs. The NWs are revealed to be optically active, with a fully
tuneable emission wavelength with the Al content of the structures. The range of the
NW emission capability ranges from the red to the near-infrared region of the spectrum

(700-850 nm).

As mentioned earlier, one frequently encountered morphological variation of the
AlGaAs NWs is the formation of 3-D branched structures. These NWs present
increased scientific interest owing to their large surface area and prolonged carrier
path, which renders them ideal candidates for energy harvesting and energy storage
applications, such as Li ion batteries, solar cells and supercapacitors. For that reason,
they were studied separately and the results are demonstrated in a different chapter.
Initially, SEM images exposed that the branching events were conspicuously
increased at the Al-richest sample that was grown (40% nominal Al content). A
statistical analysis that followed showed that the percentage of NWs that develop
branches was limited to 15% or below for the Al-deficient samples, whilst it was
significantly higher at 60% or more for the NWs with 40% nominal Al composition. For
that reason, the detailed TEM analysis was conducted on Al-rich structures with more
pronounced branching events. The ADF images that were acquired showed that the
branches were orthogonal to the NW trunk axis, while the crystallinity of the branch
and the trunk was identical. This signifies that crystal planes continue with the same

phase or twinning from the NW trunk to the branch. The above are corroborated by
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the identical FFT patterns of the two NW parts, establishing the epitaxial nature of the

growth.

Based on the above, the growth mechanism was formulated and supported by ab
initio calculations using VASP. The basis of the growth is the formation of the Al-rich,
AlGaAs shell which exhibits a rough surface. This leads to the realization of
concavities, where it is preferential for Ga adatoms to accumulate. The accumulated
Ga atoms amalgamate as droplets inducing the VLS growth of the NW branches. A
more thorough examination of the branches also depicted an intriguing finding. It can
be seen that there are Ga-rich stripes along the branch axis and perpendicular to it
with the latter presenting a periodic arrangement. This causes the formation of Ga-rich
elemental boxes in the intersection of the stripes, causing the appearance of an
intricate checked pattern of compositional distribution. The axial stripes are suspected
to originate from the different polarity and crystallinity of the NW branch, with Ga being
accumulated at one type of ZB-polar facets. On the other hand, the perpendicular
stripes are stemming from the constant rotation of the samples within the growth
chamber. The above are important for the design and analysis of such complex and
versatile structures, while showing the promising role of the elemental boxes as

guantum light emitters.

Despite the exceptional properties and potential of 1D and 3D NW structures, the
functionality can be further expanded by embedding 0D QDs along their axis. Hence,
single GaAs QDs were axially grown in each AlGaAs NW. To accomplish this, the Al
supply was interrupted for several seconds in order for the GaAs segment to grown,
before restoring it to enables the formation of the AlGaAs NW top region. The
morphology of the NWQDs was similar to the one of the NW samples. Nonetheless,
significant changes were observed via TEM and PL inspection. First, TEM confirmed
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the formation of the dot via DF imaging and EDX scanning. The width of the dot
reached 4.9 nm and the diameter was relatively large at 140 nm. The axial embedding
of the dot led to important modifications in the PL response of the structures. PL
spectra exhibited peaks located at 787 nm which corresponded to GaAs-related
emission. The peaks attributed to the dot were spatially localized in the centre of the
NWs and exhibited a narrow linewidth of 490 peV. It is also significant to mention that
increasing temperature led to a rapid quenching of the dot peaks, which were fully
suppressed after 40 K. Moreover, polarization-dependent measurements showed that
whilst the AlGaAs NW-related peaks had a small degree of polarization, which was
anticipated from the intrinsic NW properties, the dot-related peaks were more strongly
polarized, with a degree of 70% at 60° off the NW axis. The above are good properties

for entangled photon generation.

Finally, the optical investigation of a different structure and material platform
followed. Specifically, 2D InAs nanosheets were probed by macro-PL measurements.
Initially, pristine structures were examined, where a vibrant property was noticed.
Power-dependent measurements revealed suppression of PL emission with
increasing power of excitation attributed to the high density of surface states. However,
after this procedure a second set of measurements with decreasing power of excitation
caused the appearance of robust peaks corresponding to InAs ZB band edge
emission. This is attributed to the “memory effect” where after the saturation of the
surface state by trapped electrons, strong PL peaks appear owing to the
recombination of photogenerated electron-hole pairs. This renders the structures
promising as optoelectronic memory units. Besides, two types of surface passivation
were applied, namely chemical passivation and core/shell passivation. In both cases,

the “memory effect” was drastically reduced and peaks with high intensity were
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generated. In particular, the physical, core/shell passivation exhibited a high degree
of stability with RT emission in the mid-infrared regime having been accomplished.
The efficient passivation renders the 2D nanosheets good candidates for light-emitting
applications in the fruitful yet demanding mid-infrared range. Eventually, the fabrication
of an InAs nanosheet-based FET via using the pristine structures enabled us to
formulate an optoelectronic memory unit that exhibited NPR at low driving Vps. The
results were strongly suggestive of reproducible properties and ultra-low power

consumption.
7.2) Discussion of the results

As mentioned in the introduction, the objective of the research project was the
investigation of nanostructures monolithically integrated on Si (111) substrates, grown
via MBE with the aim to demonstrate their optical properties and assess the
morphological and structural findings, as well as show the potential of nanoscale

structures for implementation in devices.

Regarding the growth of AlGaAs, the most important difference compared to
previous works was the self-catalysed approach. The realization of standing, optically
active NWs with interesting structural properties, stemming from Ga droplets displays
the suitability of the self-catalysed VLS growth for developing ternary IlI-11I-V NWs. It
is reminded that although important works have been reported on the topic of AlGaAs
NWs and AlGaAs/GaAs NWQDs, the aforementioned structures were grown via the
Au-assisted method, which entails disadvantages. Most notably fast diffusion of Au
can cause contamination and intermixing in the sample, while adhesion of Au on the
Si substrate renders the structures incompatible with CMOS technology applications.

On the contrary, this risk is eliminated via employing Ga droplets as catalysts, which
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are easily consumed after growth under a high group V flux. In addition, the growth of
these structures on Si facilitates their integration with CMOS technology applications,
considering that Si is the prevailing platform in the field of optoelectronics. It is also
noted that the (111) orientation of the substrates plays a role in their device
implementation. For example, (111)-oriented Si is its resistance to higher
temperatures, due to its crystallography, which makes it a good option for
functionalities at higher temperatures. The low refractive index makes it reliable as a
substrate for the rest of the materials that will be supplied. Typically, (100) orientation
has been favoured in CMOS applications. Nevertheless, the aforementioned
advantages along with the high carrier surface mobility have rendered (111)-oriented
Si wafers a preferable option for CMOS microsystems. For instance, field emission
devices based on (111) Si surfaces has been achieved with good results reported.[317]
Regarding the optical response of the NWSs, tuneable emission in the red and near-

infrared regions was observed, which is promising for light-emitting applications.

One of the interesting aspects of the self-catalysed AlGaAs NWs that we
synthesized is the high Ga flux and the temperature that was chosen, which allowed
for lateral growth of a self-formed shell, with rough surfaces. The existence of the
concavities allowed for Ga accumulation and amalgamation as droplets, which drove
the self-formation of AlGaAs branches, perpendicularly on the NW trunks. It is
reminded that the branched NWs did not refer to different samples but rather
morphological variations in the same 1D AlGaAs NW samples. Hence, the optical
results of 1D AlGaAs NWs reflect the response of branched NWs as well. Even though
the percentage of AlGaAs branches was pronounced at 40% Al content, which did not
produce optical signal potentially due to direct-to-indirect transition of the bandgap,

interesting and novel observations were made regarding the structure of the branches.
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Specifically, the bright stripes of Ga accumulation both axial and perpendicular to the
branch axis exhibit the intriguing formation of the checked pattern, while Ga-rich boxes
at the intersections of the checked pattern have the potential to be harvested as novel

light-emitters in the future, as shown in earlier works for other phase separations.[*0

Besides, the self-catalysed growth of AlGaAs/GaAs NWQDs for the first time was
reported. The structures did not present significant morphological differences when
compared to bare AlGaAs NWs. This means that the basic features, such as the
compositional inhomogeneity and the self-formed Al-rich AlGaAs shell are still
presented in this case, with a brief interruption of Al supply for 7 seconds allowing for
the GaAs segment to be grown. The optical study of the NWQDs demonstrates the
centrally localized GaAs peak, which is comprised of an exciton and biexciton
transition and exhibits a high degree of polarization. These properties reveal the QD-
nature of the GaAs segment and are indicative of strong carrier confinement in this
region. It is noted that such structures are ideal candidates for single photon emission
and for generation of indistinguishable photons, which are crucial for quantum
information processing applications. Another good indication which is suggestive of
such a functionality in our samples is the narrow linewidth of 490 peV, which is
comparable or better than previous results reported in ternary NWQDs. Here, it can
be underlined that SKQDs exhibit lower linewidth, as in the case of ternary NWQDs
some unintentional intermixing frequently occurs. Nevertheless, the acceptably narrow
linewidth along with the previous optical features indicate the potential of our structures

for single photon emission and generation of polarized light.

Eventually, InAs nanosheets were grown by our collaborators using solid-source
MBE growth. The inspection of the samples at UCL via SEM showed similar results to

the ones reported earlier by our collaborators.[?°°l The focal point of our research was
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the optical investigation of these nanosheets, which is something that has not been
investigated so far for such lll-V-based structures. The “memory effect” that was
observed shows the potential of the pristine InAs nanosheets for optically controllable
memory after light irradiation and the suitability for reading and writing optical data. On
the other hand, the two methods of passivation that were applied reveal that such a
functionality is not possible in these cases, which confirms that the driving force of the
‘memory effect” is carrier trapping at the rich surface states. However, the passivated
samples exhibit good optical properties with the most pronounced being the ability to
emit mid-infrared light at elevated temperatures. The fabrication of the memory cell
based on an FET configuration is something that has been conducted earlier for other
types of nanosheets, such as In2Sesl®?l and black phosphorus.[22l However, the
advantage in the current work is that such a functionality was based on high-mobility
[1I-V nanosheets which allows for channel current driven by ultra-low Vps signifying
low power consumption in the operating mode (10 nW, in this case), while optical

memory was indicated by the ability to read and write optical information.

However, apart from the significance of the presented results it is interesting to shed
light on the challenges that we met and potential solutions in future works. This will be

the topic of discussion in the following section.
7.3) Discussion of the challenges and future works

Despite the importance of the employed material platforms, there have been
problems emerging while fabricating them or while studying their properties and
potential. Some of these challenges were addressed, while the emergence of others
provided us with important information that will help us formulate our plans for future

works.
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First, regarding AlGaAs NWs, as typical examples of IlI-1ll-V structures, they are
particularly challenging with respect to the control of the compositional distribution
along the NW axis. This is a phenomenon that is evident in the TEM inspection of the
AlGaAs NWs that was conducted in chapter 3. This is also the reason why reports on
[1I-111-V ternary NWs are considerably less when compared to I11-V-V alloys. Group |l
elements have a high solubility in group IlI droplets, signifying that even minor changes
or distortions in the elemental fluxes disrupt the stability and chemical balance of the
droplet seeds, hence rendering the growth extremely sensitive. The short diffusion
length of Al causing its adhesion on the sidewall facets, which is a very important
feature of AlIGaAs NWs, further intricates the compositional distribution. It is however
noted that increased Al presence could improve the distribution, as demonstrated
earlier for InGaP NWs.[?51 Nevertheless, this should be carefully controlled as
increase of Al percentage above 40% would cause a direct-to-indirect transition of the
bandgap which would render the samples optically inactive, as in our case where no
signal could be traced from samples with 40% Al composition. For that reason,
modifications in the growth temperature and more specifically increase of this
parameter seems a more preferrable route, which has shown to be effective in
modifying composition and distribution characteristics in other lllI-11l-V material

platforms.[?42

The improvement of this challenge can also contribute to widening the frame of
practical applications for the NW structures. It has been mentioned in the introduction
that 1lI-V NWs can be employed for laser fabrication. More specifically, the
combination of GaAs/AlGaAs in core/shell architecture has been established as a
platform suitable for laser implementation.[*8-4% 318 For example, continuous wave

lasing was reported for GaAs/AlGaAs core/shell NWs grown monolithically on Si
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substrates.[®8l |t is important to remind that Si is suitable as a substrate for device
implementation, which allows for the monolithic growth of 1lI-V structures without the
need to be transferred on a different substrate. However, no such functionality has
been achieved so far in AlIGaAs NWs. Potential improvement of the compositional
distribution, which has an impact on the optical properties, such as broadening of the
linewidth and decreased intensity of the peak could allow for examination of lasing

from AlGaAs core NWSs.

Another challenge that was met was that the optically active NW samples (10%-
30% Al content) did not exhibit pronounced branching events, although some
branches were clearly noticed, as described in chapter 4. On the other hand, 40% Al
content caused a radical increase in the branching events which allowed us to
thoroughly inspect their morphology. However, the latter were optically inactive,
signifying that the optical response of the branches and the effect of the checked
pattern and Ga-rich boxes could not be investigated. However, considering that such
phase separation has given rise to the spontaneous formation of QD-like structures in
AlGaAs shells along the (112) direction, it is anticipated that such a function can be
acquired in the AlGaAs NW samples. It is important to mention that such alloy
segregation was the case based on the VLS growth model of the branches, signifying
that adopting other techniques may alter this phenomenon. However, in our case, one
potential method that could be employed would be to increase the accumulated Ga
droplets at the concavities of the shell, which could lead to more branching events.
This could be achieved via adequately modifying the Ga flux, while ensuring that the
axial growth of NWs will not be interrupted. The increase of branching events would

allow for an analysis of the optical signal deriving from the Al-deficient samples that
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are direct-bandgap structures and observe potential quantum confinement-related

phenomena driven by the checked pattern of the bright stripes in the branches.

Regarding the growth of GaAs QD, the main challenge was to keep the interfaces
abrupt and reduce unintentional intermixing. The supply of Al was terminated for 7
seconds to grow the dot and then reintroduced to form the top NW in order for the dot
to be fully embedded. By adopting a sufficiently high Ga flux, the interfaces were
abrupt as demonstrated by the small intermixing that was achieved in the QD region.
The Al counts do not reach zero. Nevertheless, this is mainly attributed to contributions
from the Al-rich shell surrounding the dot, while the percentage of intermixing is small
enough to be considered acceptable. Besides, the good results and optical properties
of the NWQD exhibits the suitability of the structures for the applications described
earlier. The linewidth is considered acceptably low at 490 yeV. However, there could
be room for further improvement upon reducing the non-uniformity of the elemental
distribution, which as mentioned earlier could be influenced by the growth parameters
such as the temperature and the group Il flux. Despite this fact, the narrow linewidth,
localized peaks and polarized emission are good indications for generation of
indistinguishable photons. One of the plans for future work is the recording of the
second order correlation function at zero time delay in order to obtain an insight on the
possibility of two photons being emitted simultaneously, as will be discussed in the

final paragraph of this section.

It is clarified that the branching and morphological complexities of the NWs did not
pose an obstacle to the success of the NWQD synthesis, as the dot is axially
embedded, which means that its formation is depending on the alteration of the
elemental supplies rather than the additional NW components. The nucleation of the

branches was a result of the high Ga flux that was used which has a twofold role; first,
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it promotes amalgamation of a higher number of accumulated Ga atoms at the
concavities of the shell and second, it increases the roughness of the shell. Moreover,
the duration of the growth was long signifying that this provided adequate time for the
self-formed shell to be developed. Based on the above, we can see that the growth of
branches and the morphological complexity resulted from the growth conditions which
allowed us to inspect this interesting variation, while the formation of the dot axially in
the NW is a consequence of the termination of Al supply, which allowed for the

deposition of merely GaAs layer for the given duration.

Besides, challenges can be met in the case of InAs nanosheets that were optically
investigated. The first challenge was the interpretation of the irregular findings
regarding the peaks during the “power-up” and “power-down” methods, which was
overcome by a thorough systematic study of the trends that were similar in several
rounds of measurements. Owing to the temperature that was used for the growth, the
nanosheets were fully formed from 1D InAs NWs, which ensures a high density as
viewed in chapter 6, along with a high material quality with few defects. The difficulty
in the optical investigation however, despite the good quality, also relied on the
suppression of the peak at high temperatures, which signified that measurements
should be recorded in a small time frame so as not to distort the results. Another
difficulty is the control of the thermal stability of the passivation, as it could be possible
that S-In or S-As bonds can degrade over time. However, it is interesting to notice that
after conducting the same measurements with a two-week delay, the results obtained
were the same, suggesting good stability of the passivation. Importantly, the sample
should be kept as protected as possible from ambient air to reduce degrading
oxidation of the surface. The pristine structures were employed for FET fabrication

that displayed the potential for reading and writing optical information driven by ultra-
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low Vbs thus being promising for ultra-low power consumption. On the other hand,
chemically passivated and core/shell nanosheets showed potential to emit light up to
elevated temperatures (225 K and room temperature, respectively). It is interesting to
highlight that the investigation for the optical properties of such passivated structures
is far from being fully understood. However, optical devices such as nanosheet lasers
have been fabricated in the past with good results. For instance, CdSSe nanosheet
heterostructures exhibited lasing at 526 and 623 nm, achieved by a side-to-side CdS
dominant central region and CdSe edges, which formed a natural cavity for the lasing
to be achieved.l?' In addition, GaSe nanosheets were used as broadband saturable
absorbers with good results, showing potential for laser generation.[320 Nevertheless,
further works are needed to circumvent the obstacle of the effective cavity and

structural complexity of the structures.

Interestingly, a topic for discussion is the possibility to growth pure WZ AlGaAs in
NW configuration. It has been inferred that the WZ insertions affect the wavelength of
the emission and is a contributing factor for a blueshift of the PL peak when compared
to the anticipated value. It is also known from the recent work of Leandro et al.,[?52 that
WZ AlGaAs has a narrower bandgap energy when compared to ZB. This is also in
agreement with the results of previous reports on theoretical computations and
simulations which demonstrate that despite the fact that usually WZ 111-V alloys have
a larger bandgap when compared to their ZB counterparts, the case for AlAs is the
opposite, where the bandgap energy is reduced from 3.144 eV (ZB) to 2.671 (WZ2).
For these reasons, exploring the properties of WZ AlGaAs and optically probing the
structures is one of the plans for our research project in the future. For instance,
AlGaAs can be grown as shell surrounding WZ NW cores, such as Ge. Hybrid IlI-V/IV

core/shell NWs have been grown in our lab earlier, with the 1lI-V core and IV shell
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presenting the same crystal structure due to the epitaxial nature of the growth. Ergo,
the realization of WZ AlGaAs could be accomplished by following this configuration

with a WZ material chosen as the NW core component.

Moreover, as shown earlier, embedding of single GaAs dots in AlIGaAs NWs has
been proven an important asset for the optical properties of the structures, as the
GaAs-related peak exhibits good features such as the narrow linewidth, spatial
localization and exciton/biexciton transitions. The aforementioned improvements
related to the homogeneity of the AlGaAs NWs can ameliorate even further the
response, due to the accentuated abruptness of the dot/NW interfaces. Experiments,
on the second-order correlation function are planned in order to explore the possibility
of employing the promising structures that we realized in single photon generation
applications. Moreover, the potential embedding of multiple QDs on the NW axis can

be exploited for laser fabrication, which is one of the plans for our future work.

We hope that the content of the current thesis and the results that were presented
exhibit the excellent properties and promising potential of the realized structures and

employed material platforms aiming to their wider implementation in Si nanophotonics.
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