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Résumé

Un objectif technologique important de l’industrie des semiconducteurs concerne l’intégration sur
silicium de semiconducteurs III-V à bande interdite directe tels que InAs et GaAs, pour réaliser
des émetteurs et détecteurs de lumière aux longueurs d’onde de télécommunication. L’épitaxie
de couches minces d’InAs et de GaAs sur silicium est cependant difficile en raison de la grande
différence de paramètre de maille entre ces matériaux. Ces films minces épitaxiés présentent une
interface de mauvaise qualité limitant les performances de futurs dispositifs. Pour surmonter le
défi de l’épitaxie de matériaux à fort désaccord de maille, il a été proposé d’utiliser des nanofils
en raison de leur dimension latérale réduite et de leur rapport hauteur/largeur élevé. Ainsi, les
nanofils relâchent la contrainte par relaxation élastique sur la paroi latérale des nanofils. Cela
se produit non seulement à l’interface nanofils/substrat, mais aussi à l’interface entre matériaux
différents le long de l’axe des nanofils.

Dans ce contexte, ma thèse visait à faire croître des hétérostructures axiales de nanofils
GaAs/InAs sur des substrats silicium pour réaliser des émetteurs à photons uniques. Lors de
ce travail expérimental, j’ai fait croître des nanofils par le mécanisme vapeur-solide-liquide
assisté par catalyseurs d’or dans un réacteur d’épitaxie par jet moléculaire. Les nanofils ont
ensuite été caractérisés en utilisant la spectroscopie à rayons X par dispersion d’énergie et la
microscopie électronique à transmission pour évaluer leur composition et leur structure cristalline.
La distribution de la contrainte a été étudiée expérimentalement par analyse de phase géométrique,
puis comparée à des simulations par éléments finis. Au cours de cette thèse, j’ai abordé différents
défis inhérents aux hétérostructures axiales de nanofils, tels que la formation de nanofils tordus, la
composition graduelle de l’interface et la croissance radiale parasite.

J’ai d’abord optimisé le protocole de croissance pour éviter la formation de nanofils tordus. Les
nanofils changent habituellement de direction de croissance lorsque le catalyseur d’or à l’extrémité
du nanofil a été déstabilisé. En gardant une forte sursaturation dans la gouttelette d’or pendant
toute la procédure de croissance, j’ai obtenu des nanofils droits d’InAs/GaAs avec un rendement de
90%. J’ai alors optimisé les flux de matériaux pour réduire la composition graduelle de l’interface
entre les segments d’InAs et de GaAs. L’utilisation d’un flux d’indium élevé pendant la croissance
du segment InAs a permis d’obtenir une interface abrupte de 5 nm.

Grâce à l’analyse de la composition chimique des nanofils, j’ai observé que le segment nom-
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inalement pur d’InAs est en fait un alliage ternaire InxGa1−xAs. J’ai découvert que l’incorporation
de Ga dans le segment nominal InAs est due à la diffusion d’adatomes Ga créés thermiquement
sur les nanofils GaAs et sur la couche de GaAs bidimensionnelle développée sur le substrat de
silicium. L’utilisation de diamètres larges de nanofils supprime la diffusion de Ga le long des
parois latérales des nanofils, permettant ainsi la croissance d’un segment d’InAs pur au-dessus de
celui de GaAs.

Enfin, j’ai étudié la distribution de la contrainte de 7% à l’interface InAs/GaAs. Celle-ci est
répartie le long du nanofil et dépend du diamètre du nanofil et de la composition de l’interface. J’ai
observé que les nanofils de diamètre inférieur à 40 nm sont exempts de dislocations: la contrainte
est relaxée élastiquement via la courbure des plans cristallins proches des parois latérales du nanofil.
D’autre part, les nanofils avec des diamètres supérieurs à 95 nm relaxent à la fois élastiquement et
plastiquement, par une courbure des plans et la formation de dislocations.

En conclusion, j’ai fabriqué des hétérostructures de matériaux à fort désaccord de maille.
J’ai pu confirmer que les interfaces axiales GaAs/InAs sont pseudomorphiques en dessous d’un
certain diamètre critique. Ces résultats constituent une première étape vers la réalisation de boîtes
quantiques InAs dans des nanofils de GaAs intégrés sur silicium: un système prometteur pour
l’émission de photons uniques sur puce.



Abstract

Combining direct bandgap III-V compound semiconductors, such as InAs and GaAs, with silicon
to realize on-chip optical light emitters and detectors at telecommunication wavelengths is an
important technological objective. However, traditional thin film epitaxy of InAs and GaAs
on silicon is challenging because of the high lattice mismatch between these materials. These
epitaxial thin films exhibit a poor quality at the interface with silicon, limiting the performance
of future devices. Nanowires can overcome the challenge of combining high lattice mismatched
materials owing to their small lateral size and high aspect ratio. Thanks to their free, unconstrained
surfaces, nanowires release the mismatch strain via elastic lateral relaxation. This occurs not only
at the nanowire/substrate interface, but also at materials’ interfaces along the nanowire axis.

In this context, my thesis aimed at growing axial GaAs/InAs nanowire heterostructures on
silicon substrates to realize on-chip, integrated, single-photon emitters. In this experimental work, I
grew nanowires by gold-assisted vapor liquid solid mechanism in a molecular beam epitaxy reactor.
The nanowires were then characterized using energy dispersive x-ray spectroscopy and transmission
electron microscopy to evaluate their composition and crystalline structure. Strain distribution
was studied experimentally using geometrical phase analysis and compared theoretically with
the finite element simulations. During this thesis, I tackled different challenges inherent to axial
nanowire heterostructures, such as kinking during material exchange, compositionally graded
interfaces, and radial overgrowth.

First, I developed an optimized a growth protocol to prevent the formation of kinks. Kinks
usually appear when the gold catalyst at the nanowire tip has been destabilized. By keeping a high
supersaturation in the gold droplet during the entire growth procedure, straight InAs-on-GaAs
nanowires were achieved with a yield exceeding 90%. By a careful tuning of the material fluxes
supplied during growth, I significantly improved the interface sharpness between the InAs and
GaAs nanowire segments: the use of a high In flux during the growth of the InAs segment resulted
in a 5 nm composition gradient at the InAs/GaAs interface.

Through the careful analysis of the nanowires’ chemical composition, I observed that the
nominally pure InAs segments grown on top of GaAs are in fact ternary InxGa1−xAs alloys. I
found out that Ga incorporation in the nominal InAs segment is due to the diffusion of Ga adatoms
thermally created on the GaAs nanowire sidewalls and on the two-dimensional GaAs layer grown
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on silicon substrate. I demonstrated that the use of large nanowire diameters prevents Ga diffusion
along the nanowire sidewalls, resulting in the growth of pure InAs segments on top of GaAs.

Finally, I studied how 7% mismatch strain at the InAs/GaAs interface is distributed along
the nanowire, depending on the nanowire diameter and interface sharpness. I observed that
nanowires with diameters below 40 nm are free of misfit dislocations regardless of the interface
sharpness: strain is fully, elastically released via crystalline planes bending close to the nanowire
sidewalls. On the other hand, nanowires with diameters above 95 nm at the interface exhibit
strain relaxation, both elastically and plastically, via plane bending and the formation of misfit
dislocations, respectively.

In conclusion, I have successfully fabricated highly mismatched heterostructures, confirming
the prediction that axial GaAs/InAs interfaces are pseudomorphic below a certain critical diameter.
These findings establish a first step toward the realization of high quality InAs quantum dots in
GaAs nanowires on silicon: a promising system for on-chip single photon emission.
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Chapter 1

Introduction

1.1 Quantum dot-based single photon sources
In the last few decades single-photon sources have gained an immense popularity in quantum-
information science. Such sources emit a light pulse containing exactly one photon in response
to an excitation signal. They could find applications in quantum-secure communication [1] and
photonic quantum information processing [2]. Furthermore, a device which emits a perfectly
regulated stream of photons (i.e. without noise) could also be used in optical metrology, as a
standart of light flux.

While a single atom can be employed to generate single-photon light pulses, a practical source
should preferentially be a solid-state one. In this context, semiconductor quantum dots have
emerged as a promising candidate. Quantum dots are optically-active nanostructures which typical
size is in the order of 10 nanometers. Such a nanostructure confines charge carriers in the three
directions of space. As a result, their electronic energy spectrum features discrete states, very
similar to the one of a real atom. In particular, the radiative recombination of a single electron-hole
pair (or an exciton) trapped in the quantum dot leads to the emission of a single-photon pulse.
Experimentally, the single-photon nature of the light pulse is revealed by intensity correlation
measurements, which display antibunching at short delays, proving that the photons are indeed
emitted one by one.

Up to recently, most semiconductor quantum dots, investigated in quantum optics, have been
obtained via a self-assembly process1 over a two-dimensional substrate. To preserve optical
properties, these quantum dots are usually capped by a top semiconductor layer. At cryogenic tem-
perature, these zero-dimensional emitters have demonstrated remarkable performance: individual
quantum dots offer a perfect antibunching, associated with a quantum yield very close to one
[3, 4, 5] . In addition, light emission is stable, without short-term blinking nor long-term intensity

1Stranski-Krastanow growth mode.
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Chapter 1 : Introduction

loss due to aging processes. However, the collection of light from these structures is very low,
because of two issues. First, the quantum dot is much smaller than the optical wavelength. As a
result, it emits light in all the directions of space. Furthermore, because of the large refractive
index of the two-dimensional matrix which surrounds the quantum dot, only a very small fraction
(typically 1%) of the emitted photons can be collected with free-space optics.

A successful strategy to improve collection efficiency consists in inserting the quantum dot
into a photonic structure, such as a photonic-crystal microcavity [6], a pillar microcavity [7, 8],
a nanowire waveguide [9]. Quantum dots inserted into a photonic-crystal microcavity achieve
a brightness of around 50%. Significantly higher brightness of 80%, combined with clean
antibunching properties, are achieved both with pillar cavities and top-down tapered nanowires
[10, 9]. Yet such devices are obtained with a complex, multi-stage top-down fabrication process.
Despite the recent development of deterministic fabrication techniques, the control over the
quantum dot position remains difficult. Finally, state-of-the-art devices often employ InAs/GaAs
self-assembled quantum dots, with an emission wavelength in the 900-950 nm range. For the
distribution of single photons over long distances, it would be very desirable to operate a quantum
dot which emits light around 1.3 µm or 1.5 µm, the low-loss transmission windows of optical
fibers.

A promising, alternative fabrication strategy is to grow directly a semiconductor nanowire, and
to define the quantum dot as an axial heterostructure (see Figure 1.1) [11, 12, 13]. Importantly,
this quantum dot fabrication strategy offers a great freedom for the definition of the quantum dot
geometry and alloy composition. Moreover, nanowires can host material combinations of different
lattice parameters and different nature since the crystal lattice can relax laterally and elastically
by releasing the strain caused by the lattice mismatch [14]. Combination of different materials
with dislocation-free interfaces, therefore, can be realized in nanowire heterostructures with no
equivalent in traditional two dimensional thin film epitaxy. Furthermore, the strain arising at the
interface between mismatched materials can serve as an additional tuning parameter for band-gap
engineering. Last but not least, nanowire heterostructures can be epitaxially grown on various
substrates, including silicon wafers, and therefore open up a fascinating opportunity to efficiently
couple electronics and optics. Finally, one can easily define a waveguide around this nanowire
quantum dot by performing a lateral overgrowth. With this technique, the quantum dot is naturally
localized on the wire axis, which optimizes the photonic performance.

As previously mentioned, single photon sources based on quantum dots emitting at 1.5 µm are
particularly interesting thanks to the reduced losses of telecom fibers at this wavelength. InAs is a
semiconductor with a very narrow band gap (0.35 eV), high electron mobility (4× 104 cm2V−1s−1)
and is considered to be one of the most attracting material to realize so. Despite the fact that
pure InAs has its emission wavelength at approximately 3.5 µm one can engineer the band gap by
tuning the height of the quantum dot, exploiting material strain generated at the heterointerface, or
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1.2 InAs/GaAs nanowire quantum dots: state-of-the-art

by creating a ternary InGaAs alloy [15].

The present thesis is dedicated to the growth of GaAs/InAs nanowire heterostructures
on Si substrates with the main idea to realize single photon emitters and detectors at the
telecommunication wavelength. Before proceeding to the presentation of the work, we first discuss
the state-of-the art for InAs/InGaAs nanowire quantum dots.

1.2 InAs/GaAs nanowire quantum dots: state-of-the-art
As for today, many groups have demonstrated the formation and investigated optical properties of
quantum dots in nanowire axial heterostructures. Various material combinations were investigated,
such as AlGaAs/GaAs [16, 17], GaAsP/GaAs [18], GaP/GaAsP [11], InP/InAsP [19], InAs/InP
[20, 21], Si/GaP/GaAs [22], ZnSe/CdSe [23], GaN/AlN [24]. Yet only a few works have explored
the growth and optical properties of InAs quantum dots inserted axially in GaAs nanowires [25, 15].
This can be explained by the difficulties in the growth of InAs-on-GaAs nanowire heterostructures,
such as strain, kinking and graded composition at the interface as well as radial overgrowth. These
growth challenges will be considered in detail in Chapter 2.

The first successful report on the optical properties of InAs quantum dots inserted into a
GaAs nanowire heterostructure was demonstrated by Panev and coauthors in 2003 [25]. In this
work, heterostructures were grown by chemical beam epitaxy technique. The embedded quantum
dots were about 40 nanometers in diameter and not more than 50 nanometers in height. At low
excitation power a single sharp exciton photoluminescence peak was observed , which confirmed
the presence of a quantum dot. The emission peak (around 880 nm) is characteristic for a quantum
dot made of a ternary In(Ga)As alloy with a large Ga content. Moreover, photoluminescence
results were obtained at liquid helium temperatures, which potentially limits the practical use of
such heterostructures. More recently another promising work was performed by Tatebayashi and
coworkers [15]. The samples were grown by means of metalorganic chemical vapor deposition
technique. The authors grew two types of samples: a first one with In0.3Ga0.7As quantum dots and
a second one with nominally pure InAs quantum dots. In addition, the quantum dots were different
in height (from 1.5 to 16 nanometers) in order to tune the emission wavelength. For the both
types of quantum dots, single sharp emission peaks were obtained at liquid helium temperatures.
It was observed that the emission peak is redshifted with height of the quantum dot (from 870
nanometers to 1000 nanometers). Moreover, the emission peaks remained stable even at room
temperature, demonstrating the high quality of the grown quantum dots. Again, the nominally
pure InAs quantum dots were found to be made of ternary In(Ga)As quantum dots, which did not
allow to reach the desirable low-loss window of 1.3-1.6 µm wavelengths. Therefore, despite these
pioneering works, achieving emission from InAs quantum dots inserted into GaAs nanowires at
telecommunication wavelengths is still a challenge.
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Chapter 1 : Introduction

1.3 Thesis objectives and content
Objectives:

The prime motivation of this thesis has been to develop and realize on-chip highly sensitive
optical light emitters and detectors at telecommunication wavelengths. We aim to grow optically
active low band-gap InAs quantum dots inside nanowire heterostructures. These structures will be
grown by molecular beam epitaxy using a gold droplet catalyst.

We consider two key nanowire-based configurations to realize the devices, where an InAs
quantum dot is inserted in a Si nanowire (Figure 1.1 a) or in a GaAs nanowire (Figure 1.1 a). The
first configuration is of great importance for the realization of highly-sensitive photodetectors.
Indeed, a single-photon can be absorbed by the InAs quantum dot, generating an electron-hole pair.
Under proper voltage biasing, an avalanche amplification takes place in the Si segment leading
to a detectable signal. However, InAs and Si have an extremely high lattice-mismatch (more
than 11%), which is likely to lead to a deterioration of a crystalline quality at the interface even
in a nanowire heterostructure [14]. In contrast, the mismatch between Si and GaAs is only 4%.
Therefore, we propose to use thin GaAs barriers between the Si and InAs segments in order to
reduce the mismatch strain and produce dislocations-free heterointerfaces. Thus the final nanowire
heterostructure is very sophisticated and contains materials from different semiconductor families,
namely GaAs and InAs (III-V group) and Si (IV group). The second configuration is a simplified
version of the first one: a low band-gap InAs quantum dot is inserted into a larger band-gap GaAs
nanowire. Therefore, our main focus is to growth GaAs/InAs nanowire heterostructures on Si
substrates with the main idea to implement on-chip, integrated, single-photon emitters.

Organization of the manuscript:

This thesis is organized as follows. In Chapter 2 I present general physical concepts,
understanding of which is required before proceeding to the results. The concepts are discussed
from an experimental point of view based on significant examples from literature. The growth of
InAs quantum dots in GaAs nanowires poses significant challenges, such as kinking, interface
grading and shell overgrowth. They are discussed at the end of the Chapter.

In Chapter 3, I describe the experimental techniques used throughout the project. I discuss the
basic components and working principles of molecular-beam epitaxy reactor, scanning electron
microscope, transmission electronmicroscope and image processing technique such as Geometrical
Phase Analysis.

In Chapter 4, I present results on the molecular-beam epitaxy growth of GaAs segments on top
of Si nanowires. I use Si nanowires which are grown by chemical vapor deposition, as template
stems. I demonstrate the possibility to re-grow GaAs segments on top of Si stems by recycling the
gold catalyst present at the Si nanowire tips. I discuss in details the challenges which arise from
such a growth method, namely kinking of GaAs segment, attributed to the initial position of Au
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1.3 Thesis objectives and content
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Figure 1.1: Schematic representation of two nanowire-based devices configurations, proposed and
considered in this thesis.

droplets at the tips of Si nanowires, gold diffusion on the nanowire sidewalls and the resulting
growth of GaAs nanoneedles catalyzed by the gold clusters, and parasitic GaAs overgrowth on
faceted sidewalls of Si nanowires. In order to overcome these problems, I propose alternative way
to combine GaAs and Si, where Si stems are etched out of bulk silicon with gold droplets used as
mask. Preliminary results using etched Si nanowires are demonstrated.

I focus on the growth of pure wurtzite GaAs nanowires grown byAu-assisted vapor–liquid–solid
mechanism on Si substrates in Chapter 5. I first study the nucleation process of GaAs nanowires
on Si. By a set of growth experiments, I observe that GaAs nanowires are formed only after 3
minutes of GaAs deposition. Before that time, in-plane GaAs traces form, grow horizontally
and eventually cover the entire substrate surface. I show that the growth of Au-assisted GaAs
nanowires on Si substrates is possible in a wide temperature window, yet the best morphology
is achieved at 610 °C. I further study the influence of material fluxes on the nanowires growth.
I find that an increase in the Ga flux at a constant As flux leads to radial overgrowth. On the
contrary, increasing the As flux at a constant Ga flux increases the nanowires growth rate. Finally,
I demonstrate the growth of pure wurtzite GaAs nanowires on silicon using a high V/III ratio.

Chapter 6 discusses the Au-assisted growth of straight InAs-on-GaAs nanowire heterostructures
on Si. I tackle different challenges inherent to axial nanowire heterostructures, such as kinking
during material exchange, compositionally graded interfaces, and radial overgrowth. First, I
develop an optimized growth protocol to prevent the formation of kinks. By keeping a high
supersaturation in the gold droplet during the entire growth procedure, straight InAs-on-GaAs
nanowires were achieved with a yield exceeding 90%. By a careful tuning of the material fluxes
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supplied during growth, I significantly improve the interface sharpness between the InAs and
GaAs nanowire segments: the use of a high In flux during the growth of the InAs segment resulted
in a 5 nanometers composition gradient at the InAs/GaAs interface. Through the careful analysis
of the nanowires’ chemical composition, I observed that the nominally pure InAs segments grown
on top of GaAs are in fact ternary InxGa1−xAs alloys. By a set of experiments I establish that
Ga incorporation in the nominal InAs segment is due to the diffusion of Ga adatoms thermally
created on the GaAs nanowire sidewalls and on the two-dimensional GaAs layer grown on silicon
substrate. I demonstrate that the use of large nanowire diameters prevents Ga diffusion along the
nanowire sidewalls, resulting in the growth of pure InAs segments on top of GaAs.

Finally, inChapter 7 I investigate how themismatch strain distributes along the In0.8Ga0.2As/GaAs
and InAs/GaAs nanowire interfaces, depending on the nanowire diameter and interface sharpness.
To do so I use transmission electron microscopy coupled with geometrical phase analysis. It was
observed that In0.8Ga0.2As/GaAs nanowires with diameters below 46 nanometers are free of misfit
dislocations, regardless of the interface sharpness: the 6% strain is fully, elastically released within
a strained region in the vicinity of the interface via crystalline planes bending close to the nanowire
sidewalls. The results come in good agreement with the finite element simulations. These
experimental findings confirm the prediction that heterointerfaces with a 6% lattice mismatch are
pseudomorphic in axial nanowires with diameters below 50 nanometers. On the other hand, I find
that 7% mismatched InAs/GaAs nanowires with diameters above 95 nanometers at the interface
exhibit strain relaxation, both elastically and plastically, via plane bending and the formation of
misfit dislocations, respectively. I observe an asymmetric distribution of the misfit dislocations
across the interface and link it with the possible gliding of edge dislocations along the (0001)
plane. I find moreover that misfit dislocations produce threading dislocations which exist on the
nanowire sidewalls.

In conclusion, the experimental findings of my thesis establish a first step toward the realization
of high quality InAs quantum dots in GaAs nanowires on silicon: a promising system for
on-chip single photon emission. The last chapter also discusses future research directions and the
perspectives opened by this work.
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Chapter 2

General concepts

In the pioneering paper from 1964, silicon nanowires were called whiskers and had a diameter in a
micrometer range. They were first realized by Wagner and Ellis [26] and have been studied by the
scientific community for more than 50 years. The real increase in the number of publications on
nanowire-related topics yet has occurred in the late 1990s with the development of size-selective
single crystal nanowire synthesis along with advanced in-situ and ex-situ diagnostic methods. The
diagnostic methods, particularly an ultrahigh-vacuum transmission electron microscope, allowed
for a direct observation of fundamental processes during nanowire growth as well as a post-growth
analysis of synthesized nanostructures.

Today, the field of nanowire application is extensive and includes nanowire electronics and
optoelectronics [27, 28], nanowire biosensing [29], nanowire photonics [30, 31, 32], nanowire
thermoelectricity [33] and nanowire quantum physics [34].

2.1 Nanowire growth methods
There are two categories of methods which are used to create nanowires: the top-down and the
bottom-up approach. In the top-down approach, objects with desirable dimensions are obtained
from bulk materials. For this, one defines a hard mask via lithography or nanoimprinting techniques
before selectibe etching. One of the main advantages of this method is the ability to precisely
control the size and position of nanowires on the substrate. However, the control over the position
of quantum dots in such structures remains difficult. Indeed, nanowires are etched out of planar
layers with spontaneously distributed, self-assembled quantum dots (these dots are formed due to
strain, which arises from the difference in lattice parameters of the quantum dot material and the
substrate material) and thus, the radial position of a single quantum dot is random in the final
structure. In addition, multistage etching procedures make the top-down fabrication process very
complex. Finally, the etching might introduce defects on the surface of nanowire heterostructures.
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Chapter 2 : General concepts

In the bottom-up approach, nanowire heterostructures are built from atoms and molecules. In
this case, the position of a single monolayer can be precisely regulated allowing thus a full control
over the imbedded quantum dots. Moreover, this approach opens up a world of possibilities for the
creation of totally new structures, which cannot be obtained in a planar form (for example, direct
band-gap GaP semiconductor materials [35], dislocation free, highly mismatched, GaAs/InAs
heterostructures [36]). In the current manuscript, we concentrate our attention on the bottom-up
nanowire heterostructures.

There are several methods to induce nanowire growth, which can be divided into particle-
assisted and particle-free mechanisms. Among particle assisted methods of current importance
is the vapor-liquid-solid mechanism, where liquid metal particles deposited onto a substrate act
as catalyst of the nanowire growth. For example, when gold is involved in the growth process,
the vapor-liquid-solid mechanism will be referred to as Au-assisted, when silver is involved -
Ag-assisted and so on. For III-V materials the same group-III metal is often used to catalyze the
growth (Ga for GaAs nanowires, for example). In this case, the metal droplets are formed on a
substrate in the beginning of the growth process. In order to underline this fact, the mechanism
is often referred to as self-assisted vapor-liquid-solid mechanism. This technique suppresses
possible contamination by a foreign catalyst. Yet, the growth of self-catalyzed III-V nanowire
heterostructures, in which the group III material is changed, is tricky. Indeed, different group-III
elements have different growth conditions, which can lead to the consumption of the catalyst.
Therefore, the Au-assisted vapor-liquid-solid mechanism remains as the most relevant process to
date, owing to the versatility of materials which can be grown by this technique.

Particle-free mechanisms, such as selective area growth, are used as an alternative way to grow
nanowires. No catalysts are needed in this case: nanowires are grown selectively on patterned
substrates and thus are free from any kind of impurities from the catalyst. Yet complex procedures,
namely lithography and wet chemical etching involved to pattern the substrate make this method
very costly.

Au-assisted Vapor-Liquid-Solid mechanism
Most nanowires and nanowire heterostructures grow by the vapor–liquid–solid mechanism by
using gold (Au) nanoparticle catalysts distributed on a substrate. The growth of nanowires takes
place below the liquid Au droplets but not on the bare substrate. The growth direction of nanowires
is usually 〈111〉, which means that the crystal axis is perpendicular to the (111) substrate. The final
diameter of the nanowires depends on the initial Au particle diameter. There are several ways to
obtain Au on the substrate: electron-beam lithography patterning, in-situ Au thin film deposition
and dewetting, and ex-situ Au colloids deposition from a solution. Each of the methods has its own
advantages and drawbacks. The electron-beam lithography patterning allows to achieve ordered
arrays of nanowires with uniform diameters and adjustable density. However, such substrate
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2.1 Nanowire growth methods

preparation procedures are time-consuming and costly. Therefore, the vast majority of research
works, dedicated to the Au-assisted growth, use the other two methods, which are relatively simple
and cost-effective. With in-situ Au thin film preparation, nanowires usually exhibit uniform
density on the substrate, however a large variation in the nanowire diameter (20%-40%) is often
observed. In the current project we dwell upon the ex-situ Au colloids deposition. With this
method, the deviation in the diameters of nanowires is usually 3 times smaller than that for in-situ
Au deposition [37].

Figure 2.1 shows a schematic of GaAs nanowire growth on a GaAs substrate by the Au-assisted
vapor–liquid–solid mechanism. The growth can be roughly divided into four steps: 1) Au
deposition, 2) substrate annealing, 3) material supply with subsequent crystal growth and 4)
termination of the growth by cutting off supplied material fluxes. Once Au droplets are deposited
onto the GaAs substrate, the substrate is annealed at the temperatures above the Au-Ga melting
temperature. In this stage Ga from the substrate diffuses into the Au droplet and forms an Au+Ga
alloy. For 30% of Ga in the Au-Ga solution, the melting temperature is ∼ 349 °C (see Figure 2.2).
It is important to understand that the melting temperature of the Au+Ga alloy is much lower than
that of Au (see phase diagram Figure 2.2). Therefore, at the typical growth temperatures which
are 560-610 °C, the Au+Ga alloy is liquid.

growthannealing

Au+Ga (liquid) GaAs NW (solid)Au (solid)

Ga

final 
structure

As

(a) (b) (c) (d)

Figure 2.1: Schematic representation of GaAs nanowire growth by the Au-assisted vapor–liquid–solid
mechanism. a) Creation of Au droplets on a GaAs(111) substrate. b) Annealing of the substrate. c) Supply
of Ga and As fluxes and initiation of the nanowire growth. d) Supplied materials are cut-off to terminate the
nanowire growth process.

In the next step, the growth species (Ga and As) supplied in the vapor phase enter the liquid
droplet. The supplied materials arrive into the droplet either by direct impingement from the vapor
phase or by surface diffusion from the nearby surfaces. After a certain time, the droplet becomes
supersaturated: the concentration of Ga and As in the droplet exceeds equilibrium concentration,
and a GaAs crystal precipitates at the liquid-solid interface below the droplet. Thus, the lateral
nanowire size is predefined by the Au droplet. Yet, several processes can modify the nanowire
diameter during the growth (this will be discussed below). In summation, during nanowire
formation three different phases are involved: a vapor phase (supplied materials), a liquid phase
(droplet) and a solid phase (growing nanowire).
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Figure 2.2: Au-Ga phase diagram adapted from [38]. Below 30 °C both and Au and Ga are solid and are
immiscible. The melting temperature of the Au-Ga alloy is 349 °C of a Ga concentration of 30%.

Growth thermodynamics
During nanowire growth, the system, from a thermodynamic point of view, is far from its
equilibrium state. In order to understand what promotes the phase transformation during nanowire
precipitation, we first will define an "equilibrium state" for the system.

The system, which consists of vapor, liquid and solid phases, adopts its equilibrium state when
the chemical potentials µ of the three involved phases at a given pressure P and temperature T are
equal to each other:

µv(P,T) = µl(P,T) = µs(P,T). (2.1)

The chemical potential of a phase represents changes in the Gibbs free energy G when the
number of atoms in the phase is changed "by one": µ = ∂G

∂n .

During the growth, as we saw in the previous section, the semiconductor material undergoes
two phase transformations, namely the vapor-liquid and the liquid-solid. This means that the
chemical potentials of the three involved phases are no longer the same but follow the relation:

µv(P,T) > µl(P,T) > µs(P,T). (2.2)
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2.1 Nanowire growth methods

The difference of the chemical potentials is the main driving force for the transfer of atoms
between the phases and the consequent phase transformation (see Figure 2.3). Particularly, the
first inequality µv(P,T) > µl(P,T) leads to the transfer of atoms from the vapor phase to the liquid
droplet and thus is proportional to the incorporation rate. The second inequality µl(P,T) > µs(P,T)
leads to the transfer of atoms from the liquid droplet to the solid nanowire and thus is generally
proportional to the crystallization rate.

substrate

v

l

s

µv  > µl (incorporation)

µl  > µs (crystallization)

Figure 2.3: Schematic representation of the relationship between the chemical potentials of vapor, liquid
and solid phases during the nanowire growth process. Adapted from [39].

Kinetic growth processes
In most cases, nanowires grow layer-by-layer and the growth is mediated by the formation of a
two-dimensional nucleus. This was confirmed experimentally in-situ during the formation of
GaAs nanowires grown by the vapor–liquid–solid mechanism in ultra-high vacuum transmission
electron microscope [40].

Let us now consider in detail what kinetic processes govern nanowire growth (see Figure 2.4).
The supplied materials arrive onto the growth substrate in vapor phase. For nucleus formation
and the subsequent nanowire precipitation, the droplet has to be supersaturated with the supplied
material. There are two ways for the material to reach the liquid droplet: the direct capture by the
droplet surface and the diffusion of material from nearby surfaces to the droplet (green arrows on
Figure 2.4). The supplied material can also be desorbed from the surfaces (processes 3, 4 Figure
2.4) or result in a two-dimensional growth on the substrate (process 5 Figure 2.4).

If the direct impingement of material into the droplet depends mostly on the supplied flux,
the diffusion of adatoms1 into the droplet strongly depends on the growth parameters. When the
diffusion length of adatoms λ f is much larger than the nanowire length L, all adatoms arrive into

1adsorbed atoms
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Figure 2.4: Schematic illustration of kinetic processes occurring during nanowire growth. Adapted from
[41]. The green arrows represent fluxes involved in the elongation of the nanowire and the blue arrows
correspond to the desorption and two-dimensional nucleation on the substrate.

the nanowire tip and contribute to the axial growth. Conversely, when λ f � L adatoms desorb
from the surface or create a conformal layer on the sidewalls of the nanowire. Usually, high growth
temperatures promote the desorption of adatoms. Moreover, vapor deposition growth techniques
such as chemical vapor deposition result in very low diffusion lengths of adatoms. Therefore,
depending on the growth conditions, we can distinguish two different growth mechanisms, namely
the adsorbtion-induced meachanism (governed by process 1 Figure 2.4) and the diffusion-induced
mechanism (governed by processes 1 and 2 Figure 2.4).

For the adsorbtion-induced growth mechanism, the nanowire growth rate generally increases
with the nanowire radius. Moreover, the nanowire growth rate becomes zero at some minimum
nanowire radius Rmin. This phenomenon is attributed to the Gibbs-Thomson effect: the chemical
potential of a droplet increases with its surface curvature. The smaller the droplet radius, the
greater its chemical potential. At a certain droplet radius Rmin the chemical potential of the droplet
becomes comparable to the chemical potential of the substrate and the vapor. This leads to the
disappearance of the transfer of atoms between phases and the nanowire growth is stopped.

In contrast, for the diffusion-induced growth mechanism, the nanowire growth rate decreases
with the nanowire radius. In this case, the diffusion of adatoms from the substrate plays a major
role. This regime is generally observed for nanowires with diameters at least below 100 nanometers
[41]. The decreasing dependence can be derived from a simple consideration [42]. The direct flux
of supplied material arrives directly to the droplet and thus is proportional to the droplet surface
area (∝ R2). The diffusion flux of adatoms arrives to the nanowire top from the nanowire sidewalls
and thus is proportional to the nanowire perimeter (∝ R). The material is then incorporated into
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2.2 Crystal structure of III-V semiconductor nanowires

the nanowire via the nanowire-particle interface (∝ R2). The nanowire growth rate is therefore
given by:

dL
dt
= c1 +

c2
R
, (2.3)

where L is the nanowire length, t is the growth time, c1 and c2 are coefficients. The first term
on the right side of the equation 2.3 is the contribution from the direct flux, while the second
term is the contribution from the diffusion flux. The second term of the equation 2.3 is inversely
proportional to the nanowire radius. Therefore, thin nanowires grow faster than the thick ones for
the diffusion-induced growth mechanism.

The current manuscript is dedicated to Au-assisted III-V nanowire heterostructures grown by
the high vacuum molecular beam epitaxy technique. In contrast to chemical vapor deposition, the
molecular beam epitaxy growth provides very high values of the diffusion length of adatoms (a
few micrometers, which is in the order of the typical nanowire length). This means that growth of
nanowires will be driven by the diffusion-induced growth mechanism.

2.2 Crystal structure of III-V semiconductor nanowires
All III-V bulk semiconductor materials under ambient conditions, except for the group III nitrides,
have a stable zinc blende crystal structure. In order to observe wurtzite crystal phase in III-V
bulk materials one would have to apply an enormous pressure of several gigapascals (GPa) on
the crystal [43]. Interestingly, in the case of semiconductor nanowires, pure zinc blende (see, for
example, [44]), pure wurtzite (see, for example, [36]) and a mixture of the both crystal phases
(see, for example, [40]) can be achieved.

Zinc blende and wurtzite phases
Most III-V nanowires (with an exception for III-antimonide [45]) tend to adopt a wurtzite crystal
structure. Yet, neither wurtzite nor zinc blende phase are unstable and often a disordered mixture
of both crystal structures can be found along a nanowire length.

Since nanowires grow preferentially in the 〈111〉 growth direction, the crystal phase mixing
occurs in the same direction. Let us now consider in details the principal stacking differences
of the wurtzite and the zinc blende phases. Figure 2.5 depicts cubic zinc blende and hexagonal
wurtzite crystal phases. For the zinc blende crystal structure the unit cell is a face-centered cube
(see Figure 2.5 a). Since all sides in the cube are equal, the zinc blende phase has only one lattice
constant which is usually denoted as a. The wurtzite crystal structure forms a hexagon (see Figure
2.5 b) constructed by three unit cells. The unit cell of wurtzite is a straight parallelepiped with
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Figure 2.5: Schematic illustration of zinc blende and wurtzite crystal structures. Two different colors
(violet and pink) correspond to two different types of atoms (group III and group V). a) Cubic zinc blende
unit cell. b) Hexagonal wurtzite crystal structure constructed by three unit cells. The yellow planes indicate
boundaries for one of the three unit cells. Equivalent close-packed directions: 〈111〉 for zinc blende (c) and
〈0001〉 wurtzite (d). The difference in the fourth interatomic bond is marked with red color. Top view of
the difference in the interatomic bond configuration for zinc blende (e) and wurtzite (f).

an equilateral rhombus at a base. Two lattice constants are thus necessary to define the wurtzite
unit cell. In addition to a (which describes the rhombus sides), the lattice parameter c is used to
describe the height of the unit cell.

The stacking sequence of wurtzite and zinc blende crystal structures along the close-packed
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2.2 Crystal structure of III-V semiconductor nanowires

<111> direction2 differs only in the position of the forth interatomic bond (see Figure 2.5 c,d). The
forth interatomic bond of the zinc blende crystal phase is rotated by 60° compared to the second
interatomic bond, whereas in the hexagonal wurtzite crystal phase the both bonds are aligned with
each other (see Figure 2.5 e,f). This provides two types of layer stacking, being ..ABCABCA.. for
the zinc blende phase and ..ABABABA.. for the wurtzite phase. Each letter A, B or C indicates one
of the three possible lateral positions of the monolayer (ML). Any change in the position of the
fourth interatomic bond during nanowire formation thus will lead to a switch between the crystal
structures.

Control of the nanowire crystal phase
Understanding the control of nanowire crystal phases during growth opens up great prospects for
future devices. For example, stacking defects can act as scattering centers for carriers and hence
lead to the degradation of the electronic properties of the final device. Indeed, Parkinson and
co-authors demonstrated [46] that the carrier mobility of GaAs nanowires is strongly influenced
by the density of stacking defects. Another work, demonstrating the influence of phase mixture on
electronic properties of nanowires was performed by Thelander and coworkers [47]. The authors
reported that long wurtzite segments in zinc blende InAs nanowires block the transport of carriers
and the final nanowire resistivity is increased by two orders of magnitude. Therefore, the control
over the phase purity in nanowires is of great importance for electron transport performances.

One additional motivation to control the crystal phase in nanowires is to access properties of a
given material, that are not available in the bulk. For example, bulk GaP material has a zinc blende
crystal structure and an indirect band gap. Assali with colleagues [35] demonstrated, however,
that by growing GaP nanowires in wurtzite crystal structure the band gap becomes direct and a
strong photoluminescence is observed.

Moreover, changing on purpose the crystal phase, one can engineer crystal phase heterostruc-
tures in a single material nanowire. Indeed, wurtzite and zinc blende phases have different band
structures [48] and usually exhibit type-II band alignment once combined [48]. This enables the
realization of, for example, zinc blende quantum dots in a wurtzite InP nanowire [49]. Since
only one semiconductor material is used, these quantum dots feature atomically abrupt interfaces.
Therefore, the ability to tune the crystal structure of a nanowire in a reproducible way offers a
great prospect for band structure engineering.

The driving force of phase selection during the nanowire growth is strongly correlated to
the nucleation process at the droplet-nanowire interface [50]. For typical nanowire diameters (∼
10-100 nanometers), the nucleation process is assumed to be mononuclear [51]: a nascent nucleus
rapidly spreads at the nanowire growth front and fully covers it much before the second nucleation

2direction having the minimum distance between atoms.
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event can occur. Theoretically, the nucleus can form at the droplet-nanowire interface either
somewhere away from the triple-phase line3 (Figure 2.6 a) or at the triple-phase line (Figure 2.6
b). In the first case the nucleus is totally surrounded by the liquid phase, while for the second case
the nucleus has an edge exposed to the vapor phase. It was demonstrated [50] that nucleation in
the center will lead to the zinc blende phase formation while the wurtzite phase is more favorable
when nucleation occurs at the triple-phase line. Let us now examine the parameters which are
responsible for the wurtzite formation in nanowires, which make them different from their bulk
counterparts.
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Figure 2.6: Two different nucleation configurations. a) Nucleation in the center of the droplet-nanowire
interface. b) Nucleation at the triple-phase line. Big letters V, L, S and N represent vapor, liquid, solid and
nucleus, respectively. Surface energies nucleus-liquid γNL , solid-liquid γSL , solid-nucleus γSN , edge-liquid
γEL , liquid-vapor γLV , edge-vapor γEV are indicated. Triple-phase line is denoted as TPL. β is the contact
angle of the droplet.

The total surface energy Γ of the nucleus which is formed at the droplet-nanowire interface
away from the triple-phase line (see Figure 2.6 a) can be expressed as:

Γ = γE L, (2.4)

where γE L is the surface energy associated with the interfaces between the nucleus edge (E
from edge) and the liquid droplet (L from liquid). For the nucleation at the triple-phase line (see
Figure 2.6 b), however, the nucleus has to be shifted from the center to the droplet edge. This
means that a fraction x of the nucleus surface will be replaced by the nucleus-vapor interface. The
letter will eliminate part of the liquid-vapor interface. The total surface energy Γ of the nucleus,
therefore, will be given as:

Γ = γE L(1 − x) + x(γEV − γLV sin β), (2.5)
3where vapor, liquid and solid phases coexist.
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where β is the contact angle of the droplet. By comparing 2.4 and 2.5 the triple-phase
nucleation (and thus, the wurtzite phase) is favorable when:

γEV − γE L − γLV sin β < 0, (2.6)

Conversely, when the left side of the equation 2.6 is larger than zero, nucleation occurs at the
center of the droplet-nanowire interface and zinc blende phase is favorable. By examining the
equation 2.6 it becomes clear that the contact angle of the droplet β plays an important role in the
phase selection.

It was estimated in [50] that for Au-assisted GaAs nanowires γEV ∼ γE L , 0.72 ≤ γLV ≤ 1.14
Jm−2 and, therefore, the left side of the equation 2.6 will have its minimum value at β = 90°. At this
angle the triple-phase nucleation and, thus, the wurtzite phase, is the most probable. On the other
hand, when β is very different from 90°, sinβ is small and the zinc blend phase is more favorable.
Similar results were reported in [52, 53, 54, 55]. For example, Rieger and his colleagues observed
that the wurtzite segment can be created in zinc blende Ga-assisted GaAs nanowires when the
contact angle of Ga droplets is decreased from 137° down to 90° [52]. The authors used a Ga
interruption technique in order to partially consume the liquid Ga droplet and therefore decrease
its contact angle on top of GaAs nanowires. Similar results were obtained in the work of Munshi
and coauthors [53], where Ga-assisted GaAs nanowires were grown by means of molecular beam
epitaxy. The authors noted that the insertion of a GaAsSb segment on top of zinc blende GaAs
nanowires decreases the contact angle of the Ga droplet from 130° to 90°. If the GaAs segment is
regrown again on top of GaAsSb, the GaAs segment has wurtzite crystal structure and the contact
angle of the droplet remains in the range between 90° and 115°.

Krogstrup et al. [55] also proposed that the nanowire phase selection directly correlates with
the volume and contact angle of the catalyst droplet and, hence, with its shape. For a small droplet,
the triple phase line will withdraw along the nanowires top facet (Figure 2.7 b). For a large
droplet, it will shift to the nanowire sidewall (Figure 2.7 c). This will lead to the formation of a
nucleus at the center of the droplet/nanowire interface (away from the triple phase line) promoting
zinc blende crystal structure. By varying the Ga droplet size, Yu and coworkers [56] managed
to demonstrate the controlled growth of zinc blende/defect-section and wurtzite/defect-section
Ga-assisted nanowire superlattices.

Moreover, recently it has been experimentally confirmed in-situ that the droplet geometry
is responsible for the nanowire crystal phase selection [40]. The V/III flux ratio was found to
be the main parameter that controls the droplet geometry. The growth of Au-GaAs NWs was
performed in ultra-high vacuum transmission electron microscope (UHVTEM). It was observed
that the wurtzite phase forms when the droplet contact angle does not exceed a certain value (<
132°). Moreover, the droplet/nanowire interface is always planar for wurtzite and the layer-by-layer
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Figure 2.7: Schematic representation of the effect of the droplet shape on the crystal structure of the
nanowire. The position of the triple phase line in each case is marked with a red dot.

growth proceeds slowly (see Figure 2.8 b). Conversely, for the zinc blende phase formation,
the droplet contact angle is large (> 127°). Besides, theoretical calculations given in the paper,
predict that zinc blende crystal structure will be favorable when the contact angles are extremely
small (< 60°). However, such contact angles are not achievable experimentally in UHVTEM.
The droplet/nanowire interface is no longer planar, but has a truncated facet during zinc blende
formation (see Figure 2.8 a). The size of truncation depends on the droplet supersaturation and is
increased at low supersaturations. The growth of zinc blende crystals happens more rapidly than
in the wurtzite case.
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Figure 2.8: Dynamics of the crystal phase selection in Au-GaAs nanowires grown in UHVTEM. Adapted
from [40]. Set of dark-field images (10 nm scale bar), extracted from a recorded in situ movie, which reveal
the formation of zinc blende (a) and wurtzite (b) crystal phases. White arrows indicate the droplet/nanowire
interface, which is truncated for (a) and is planar for (b). Once nucleus is formed at the interface, it takes
about 0.5 min (a) and 1.5 min (b) to complete it. c) Experimental results on phase selection at different
droplet geometry. Points indicate switch from wurtzite to zinc blende (red) and from zinc blende to wurtzite
(blue). Distinct areas where only wurtzite (blue shading, β < 127°) and only zinc blende (pink shading, β >
132°) are visible. Aspect ratio h/d is a ratio of droplet height h to the nanowire diameter at the interface d.
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The theoretical considerations and experimental examples discussed above show that the
catalyst droplet geometry (namely, its volume and contact angle) plays a significant role in crystal
structure selection for particle-assisted nanowires. By adjusting carefully the growth parameters
such as V/III beam equivalent pressure ratio, it is possible to engineer the crystal phases in a
nanowire.

2.3 Nanowire heterostructures
For the fabrication of advanced electronic and optoelectronic devices it is often necessary
to assemble different semiconductor materials with different band gaps and, thus, to create
heterostructures. In most cases lattice parameters of the involved semiconductor materials differ
from each other, thus causing strain at the interface where materials are joined. In thin film epitaxy,
the combination of mismatched materials results in extremely poor quality of heterointerfaces with
high density of misfit dislocations (Figure 2.9). The dislocations act as non-radiative recombination
centers and thus must be avoided. Nanowires can overcome the strain issue owing to their small
lateral size and high aspect ratio. Indeed, nanowires have free (not constrained) surfaces on
their sidewalls where the strain caused by the mismatch can be elastically released by lateral
expansion (Figure 2.9). For example, dislocation free interfaces were achieved in various nanowire
heterostructures such as Si/SiGe with lattice mismatch of 0.17% [57], GaP/GaAs0.75P0.25 with
lattice mismatch of 0.9% [58], InAs/InP with lattice mismatch of 3% [59], InAs/GaAs with lattice
mismatch of about 7% [60], InP/InAs with lattice mismatch of 10,5% [61].

free surface

misfit dislocation

free surface
(a) (b)

Figure 2.9: Schematic illustration of the principal difference between two-dimensional (a) and nanowire
(b) geometries for epitaxy of mismatched materials.
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Growth of axial and radial heterostructures
Two kinds of nanowire heterostructures can be formed: axial heterojunctions along the nanowire
growth direction, and radial or core/shell heterojunctions where semiconductor materials are
grown around a core nanowire. Anisotropic growth of axial heterostructures is promoted by the
catalyst droplet (see 2.1). Conversely, to create radial heterostructures, conformal two dimensional
growth on the nanowire sidewalls must be fostered at the expense of the axial growth. For the
metal-organic chemical vapor deposition, axial nanowire growth is inhibited at higher growth
temperatures and/or increased reactant concentration in the vapor phase. In the molecular beam
epitaxy, this regime is usually achieved at low growth temperatures and a low V/III beam equivalent
pressure ratio is necessary for that.

Figure 2.10 shows examples of different nanowire heterostructures. Probably, the most
common nanowire heterostructure is obtained when the substrate material differs from that of the
nanowire (2.10 a). Often III-V nanowires are grown on silicon substrates to potentially reduce
production costs. Another motivation to use silicon wafers is the possibility to integrate future
III-V nanowire-based devices with standardized CMOS process. Radial nanowire heterostructures
are called core-shell (Figure (2.10 b). The inner material is referred to as the core, and the
surrounding layers are referred to as the shell. This configuration allows, for example, to passivate
the nanowire core [62], to grow radial p-n junctions for photovoltaic applications [63], to form
nanowire waveguide by growing tailored shells [13]. Yet the growth of high quality, lattice
mismatched, epitaxial layers in the radial direction is not an easy task since nanowires have a
large surface area. Theoretical calculations [64] predict that the critical thickness of an InAs shell
grown around a GaAs core with more than 10 nm diameter is 0.6 nm (the same as in the planar
two dimensional epitaxy). An example of axial nanowire heterostructures is shown in Figure 2.10
c. In such structures, materials are placed along the nanowire axis. The interface between the two
mismatched materials is thereby minimized compared to core-shell heterostructures. Figure 2.10
d shows a hybrid axial-radial structure.

(b) (c) (d)(a)

Figure 2.10: Schematic illustration of different nanowire heterostructure configurations. a) Nanowire-
substrate, b) radial (core/shell), c) axial and d) axial-radial nanowire heterostructure.
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Elastic properties
As we already discussed, strain originated at the interface between mismatched materials in
nanowire heterostructures can be elastically released on the nanowire sidewalls. The lattice
mismatch between the materials is given, by4:

∆a
a
=

aL − aS

aS
, (2.7)

where aS and aL are lattice parameters of the substrate and the grown layer, respectively. If
the lattice parameter of the substrate is smaller than the lattice parameter of the grown layer, a
compressive strain (ε<0) will be observed in the layer. If, on the contrary, the lattice parameter of
the substrate is greater than the lattice parameter of the grown layer, a tensile strain (ε>0) will be
present in the layer.

In order to describe the strain effects in nanowire heterostructures, elastic continuum theory is
used [65]. The displacement of a lattice cell at the heterointerface can be described by a local
displacement vector #»u (r):

#»u (r) =
#»
R − #»r , (2.8)

where #»r is the vector which describes the initial position of the lattice cell with coordinates xi

and #»
R is the final vector of the displaced body with coordinates x′i . The resulting strain caused by

the deformation is described by a strain tensor εi j :

εi j =
1
2

[
∂ui

∂x j
+
∂u j

∂xi

]
, (2.9)

where quadratic terms are ignored in the case of small deformations. εxx , εyy and εzz

components of strain tensor represent uniaxial strain along the axes x, y and z, respectively. The
sum of εxx + εyy + εzz gives the relative change in volume of the deformed cell and is called the
hydrostatic strain εhy. Components εi j with i , j denote a shear strain which acts tangentially.
Note that the strain tensor εi j is symmetric and has only 6 out of 9 independent components. This
allows a shortened representation of the strain tensor in form of a 6 × 1 matrix (Voigt notation, see
Appendix A).

The deformation gives rise to internal forces which tend to return the deformed body to its
equilibrium state. These internal forces are described by a stress tensor σi j :

σi j = Ci j klεkl, (2.10)
4Most often in the literature, the mismatch ∆a/a is given in percentage
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where Ci j kl is the stiffness tensor composed of elastic constants. The equation 2.10 is a
Hooke’s law for the three dimensional case. The symmetric, third-order stress tensor σi j is often
represented in form of a 6 × 1 matrix, similarly to the strain tensor (see Appendix A). The values
of elastic constants for wurtzite GaAs and wurtzite InAs materials, which were used for this thesis,
are also listed in the Appendix A.

Electronic band structure
The band structure of nanowires differs from that of the bulk materials (see Figure 2.11). Indeed,
thanks to the one-dimensional geometry of nanowires, carriers are free to travel only along
the nanowire axis and are spatially confined across the nanowire (Figure 2.11 b). The lateral
confinement widens up the energy band gap compared to the unconfined three-dimensional case
(Figure 2.11 c,d). If a nanowire heterostructure is considered, the strain which is generated at the
interface between mismatched materials, affects the energy of the electronic bands as well.

Eg (bulk) Eg (NW)
Ec1

Ec2

Ec3

Ev1

Ev2

Ev3

E E

(a) (b)

(c) (d)

Figure 2.11: The main difference in the band gap structure for a bulk material (a,c) and a nanowire (b,d) in
zinc blende. The band gap energy of bulk and nanowire is Eg(bulk) and Eg(NW), respectively. Quantized
levels formed in a nanowire due to spatial confinement are denoted as Ec1, Ec2.. for the conduction band
and Ev1, Ev2.. for the valence band.

The band gap energy of a nanowire Eg(NW) can be expressed, as:

Eg(NW) = Eg(bulk) + Econ f − Ecoulomb. (2.11)
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The first term in the right hand side of Equation 2.11, Eg(bulk), represents the band gap energy
of bulk materials, which is characteristic of the material. The second term of the equation, Econ f ,
describes the additional energy due to quantum confinement. It scales with the radius of the
nanowire as R−2 and hence increases with the nanowire radius decrease. The last subtractive term,
Ecoulomb, represents the energy of an exciton, which is formed due to the electrostatic attractive
force between electron and hole in a nanowire.

εıı> 0

Ev

Ehh

Elh

Elh

Ehh

E, eV

Ec

HydroShear Shear Hydro

εıı= 0 εıı< 0

Figure 2.12: Difference in the band gap structure for the strained nanowire heterostructures as compared to
the unstrained nanowire. Ec and Ev represent conduction and valence bands, Ehh and Elh denote heavy-hole
and light-hole valence bands.

In a nanowire heterostructure, the material strain which is caused by the mismatch at the
heterointerface induces further modification of the bandgap energy. To illustrate this effect, we
consider as an example the impact of a bi-axial strain field on a zinc blende semiconductor. We
note ⊥ the 111 direction, which corresponds to the wire axis, and ‖ an in-plane direction. This
strain field features an hydrostatic component εh = ε⊥ + 2ε‖ and a bi-axial shear strain component
given by εsh = 2(ε⊥ − ε‖). The conduction band is only affected by the hydrostatic component,
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and the associated energy shift reads:

∆Ec = acεh, (2.12)

with ac < 0 the hydrostatic deformation potential of the conduction band. The case of the valence
band is more complex. We restrict the discussion to the heavy-hole (hh) and light-hole (lh) bands.
For simplicity, we also neglect the coupling between the light-hole and spilt-off bands. In these
conditions, the energy shifts of the hh and lh bands induced by strain read:

∆Ev,hh = avεh −
d

2
√

3
εsh

∆Ev,lh = avεh +
d

2
√

3
εsh.

(2.13)

Here, av > 0 is the hydrostatic deformation potential of the valence band. Note that the deformation
potential d < 0 corresponds to one defined in the usual cubic deformation basis spanned by the
crystal directions {(100),(010),(001)}.

Changes in the band structure alignment due to strain are presented in Figure 2.12. In case of
compressive strain in the layer (ε‖<0), the hydrostatic component of strain will shift the conduction
band edge upward and the valence band downward along the energy axis, leading to an increase in
the band gap. The shear component of strain shifts the heavy holes upward and the light holes
downward along the energy axis. For the case of tensile strain (ε‖>0), the hydrostatic component
of strain will shift the conduction band edge downward and the valence band upward along the
energy axis, leading thus to a decrease in the band gap. It is important to note that the valence
band ground state is changed from heavy hole in case of compressive strain to the light hole in the
other case.

Challenges
Axial nanowire heterostructures are ideal building blocks for the realization of quantum dots.
However, several important issues still limit the full implementation of nanowires. Despite the
fact that nanowire geometry allows strain, caused by the mismatch, to more easily accommodate
on the free side surfaces compared to thin film epitaxy, misfit dislocations can still be found at
the material interfaces, if the diameter of the nanowire heterostructure exceeds a critical value.
Moreover, problems such as kinking in one of the two interface directions, graded and asymmetric
interfaces, and radial overgrowth arise during particle-assisted axial nanowire growth. The listed
problems are crucial, especially when thin barriers or optically efficient quantum dots have to be
produced. Let us focus on each of these problems in detail.

Dislocations:
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Usually materials which have to be combined in a nanowire heterostructure have different
lattice parameters. The lattice mismatch causes strain at the interface where materials are joined
together. If the final nanowire heterostructure has continuous change in the lattice spacing across
the interface, the strain is released elastically. Conversely, strain is released plastically if networks
of misfit dislocations are formed at the interface. The dislocations permit discontinuities of the
lattice spacing. The strain in this case is accumulated around dislocation cores.

Larsson and coworkers demonstrated that strain is effectively elastically released in the vicinity
of the interface in InAs/InP nanowire heterostructures with lattice mismatch of 3% [59]. The length
of the strained area at the interface was found to be 10 nanometers for nanowires with diameters
of 20 nanometers. Another example of elastic strain relaxation in nanowire heterostructures
was reported by Ercolani and his colleagues [66]. The authors grew and investigated InAs/InSb
axial nanowires with 7% lattice mismatch. It was observed, that the strain is fully elastically
relaxed within 20-30 nanometers of the interface for nanowires with diameters of about 50
nanometers. On the other hand, de la Mata and coauthors [67] reported that InAs/InSb nanowire
heterostructures exhibit relaxation of strain both elastically and plastically via partial formation of
misfit dislocations. The diameter of studied nanowires is 35 nanometers at the interface, the final
strain is found to be 5.5% and is released within 4 nanometers. Moreover, the authors presented
strain studies for GaAs/GaSb nanowire heterostructures with 7.8% lattice mismatch. Again it is
observed that the strain is released both elastically (by plane bending at one side of the studied
nanowire) and plastically via formation of networks of dislocations at the interface. The nanowire
is about 55 nanometers in diameter. Partially plastic relaxation of strain was also observed by
Frigeri and coworkers in 65 nanometers in diameter GaAs/InAs nanowire heterostructures with
7.1% lattice mismatch [68]. The authors noted that the average distance between misfit dislocations
increases from the center of the interface to the nanowire sidewalls. The latter revealed that the
strain was partially relaxed via lateral expansion of the nanowire. The listed works represent
experimental evidences of strain relaxation in nanowire heterostructures. However, in order to
understand which factors influence the mode of strain relaxation (whether elastic or plastic) a
theoretical model has to be formulated.

Theoretical calculation of the critical thickness hcr for misfit dislocation formation depending
on the nanowire diameter d and the lattice mismatch ∆a/a was done by Frank Glas in [14]. An
adapted graph of the critical thickness as a function of nanowire diameter is presented in Figure 2.13.
For a given lattice mismatch there is a critical diameter dcr below which infinitely long nanowires
with dislocation free interfaces can be grown (to the left from the vertical asymptotes). For
example, the growth of dislocations free highly mismatched GaAs/InAs nanowire heterostructures
with ∆a/a ∼ 7% is theoretically possible for diameters below 40 nanometers. Conversely, if the
nanowire diameter exceeds the critical value (to the right from the vertical asymptotes), strain will
relax plastically via formation of misfit dislocations. Obviously, the larger the lattice mismatch,
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the smaller the critical diameter. The horizontal asymptotes show the critical thickness which
would correspond to the growth of dislocations free two-dimensional layers (d tends to infinity).
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Figure 2.13: Dependence of the critical thickness hcr on the nanowire diameter d for different lattice
mismatch ∆a/a given in %. Adapted from [14]. Vertical asymptotes correspond to the critical diameter dcr ,
horizontal asymptotes correspond to the critical thickness for two-dimensional layers. For the GaAs/InAs
materials with ∆a/a ∼ 7% dcr ∼ 40 nm.

It is expected that the value of the critical diameter for the heterointerface nanowire/substrate
is smaller than for the same material combination within a nanowire. Indeed, the substrate does
not have free surfaces and thus there is no possible lateral relaxation . It is especially important
when III-V nanowire compound semiconductors are integrated on Si(111) substrates. Several
experimental works on the growth of III-V nanowires on different mismatched substrates have
been done. In the work of Cirlin and coworkers [69] for GaAs nanowires grown on Si with 4.1%
lattice mismatch the critical diameter is found to be 110 nanometers. The authors state that above
the critical diameter nanowires do not grow at all or bend due to dislocations. On the other hand,
Tomioka and his colleagues [70] observed dislocation centers at the interface between GaAs
nanowires with diameters of 103 nanometers and a Si substrate. In this work, high resolution
transmission electron microscopy analysis was used to determine the quality of the interfaces.
GaAs nanowires with dislocations free interfaces on Si substrates were found for 20 nanometer
diameters. However, the information about interface quality of GaAs nanowires with diameters
between 20 and 103 nanometers is missing in this paper. Given that the critical diameter for
the Si/GaAs axial nanowire interface is approximately 80 nanometers (calculations of Glas [14],
Figure 2.13), this value should be even smaller for the nanowire/substrate interface.
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Kinking:

Axial growth of particle-seeded nanowires is determined by the position of the catalyst on
top of a nanowire. However, the droplet position is very sensitive to the growth conditions. Any
instabilities in the latter will lead to the kinking of the droplet and hence the final nanowire will
not be straight. Moreover, differences in surface energies of the semiconductor materials has been
shown to play an important role in the droplet position. It has been demonstrated that the growth
of straight, Au-assisted, axial nanowire heterostructures is usually observed for one of the two
interface directions [71]. For example, nanowires are straight for the growth of GaAs on top of
InAs (GaAs-on-InAs) while InAs-on-GaAs nanowires kink [72, 73, 74]. The discrepancy of the
two interfaces was explained in [71]. A schematic of the proposed model is shown in Figure 2.14.
Two different semiconductor materials have different surface energies5. If the surface energy of
the layer B/droplet interface is greater than the one associated with the layer A/droplet interface,
the system will tend to minimize the surface area of the layer B. The clustering of the layer B will
occur (Figure 2.14 b). At the same time the liquid droplet will prefer to stay in contact with layer
A. Eventually, the position of the liquid droplet will be shifted from the top nanowire facet to the
nanowire sidewall thus leading to kinking. This surface energy difference is a major obstacle for
the growth of multilayer nanowire heterostructures.

A

(a) (b)

B

NP NP
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ANPABBNP    ANPABBNP   

Figure 2.14: Schematic illustration of the model proposed in [71]. The model explains the kinked morpho-
logy for one of the two interface directions in axial Au-assisted nanowire heterostructures. Inequalities below
each figure correspond to the (a) layer-by-layer growth and straight nanowires and (b) island growth and
kinked nanowires. Letters A, B and NP represent layer A, layer B and the liquid nanoparticle, respectively.
The surface energies are: layer A at the interface with liquid nanoparticle γA−NP, layer A at the interface
with layer B γA−B, layer B with the interface with liquid nanoparticle γB−NP.

Yet, the surface energies of the involved materials at the interface with the liquid droplet are
not constant during nanowire growth and may be changed by careful tuning of growth parameters.
Therefore, the straight axial growth of nanowire heterostructures can be potentially achieved
in the both interface directions. For example, Messing and coworkers demonstrated that the

5energy which is needed to break intermolecular bonds to create a new surface
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surface energies of the nanowire layers with the liquid droplet can be changed by tuning the
crystal structure of the segments [74]. The authors achieved straight "energetically unfavorable"
InAs-on-GaAs nanowire hetersotructures with a vertical yield of 65% when the InAs segment was
crystallized in wurtzite. Another way to modify the surface energies and to promote the straight
growth of Au-assisted nanowire heterostructures was reported by Zannier and her colleagues both
for InAs-on-GaAs [75] and InP-on-InAs [76] interfaces. It was found that straight axial nanowire
heterostructures are promoted at high III-to-Au ratios. This leads to the large contact angles of the
liquid droplet and maintains its stability.

Interface grading:

Another challenge unique to the particle-seeded nanowire systems, especially important for
Au-assisted nanowire growth, is interface grading. This effect is also known as the "reservoir
effect" and is attributed to the solubility of growth species in the liquid droplet [77]. A simple
schematic of the effect is shown in Figure 2.15. During vapor-liquid-solid growth of nanowires
there is always some amount of semiconductor material stored in the liquid droplet. Therefore,
even if the supplied materials are abruptly switched to grow a heterostructure, the material,
accumulated in the liquid droplet from the growth of the first layer, will still continue to incorporate
in the new segment leading to a graded interface. Additionally, different materials have different
affinities for the liquid droplet. Therefore, the interface grading is often not symmetric and is more
pronounced for one of the two interface directions.

grading

Figure 2.15: Schematic illustration of interface grading for particle-seeded nanowire heterostructures.
Adapted from [78]. The liquid droplet and the two different semiconductor materials are depicted in yellow,
gray and blue, respectively.

Generally, the length of the graded interface L depends on the nanowire radius R. It is expected
that the smaller the diameter, the sharper the interface [79]. Indeed, the amount of residual
material accumulated in the Au droplet is proportional to its volume (∝ R3). This material enters
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the nanowire through the nanowire-droplet interface (∝ R2). The length of the graded interface,
thus, will scale linearly with the nanowire radius: L ∝ R.

Several strategies to improve the abruptness of the interface have been proposed. For
example, growth interrupts were implemented in [80], where self-catalyzed GaP/GaAs nanowire
heterostructures were grown by means of molecular beam epitaxy technique. It was demonstrated
that the length of the interface between GaP and GaAs segments is decreased from 15 to 2
monolayers when small diameters and the 60 second interruption of all fluxes are used. Similar
growth interrupts procedure can be implemented in Au-catalyzed nanowires where the group-III
elements are switched [25, 81]. In this case, the interruption of the group-III flux takes place
while the group-V flux is maintained. As such, the group-V flux promotes the precipitation of the
group-III material accumulated in the liquid droplet. Yet it should be noted that the interruption
time is limited since a prolonged group-V exposure destabilizes the liquid droplet at the nanowire
top [40].

Another way to increase the interface abruptness was proposed by Dick and coauthors [60] for
the Au-assisted GaAs-on-InAs nanowire heterostructures. It was observed that the solubility of In
in the Au droplet can be decreased by the introduction of short Ga pulses. The interface sharpness,
moreover, can be further improved by increasing the number of Ga pulses (5 and 20 pulses were
tested). The amount of Ga, introduced to the droplet by pulses, should be small enough to not
initiate the GaAs growth before all the accumulated In is expelled.

Another solution to avoid interface grading was demonstrated in the work [82] for the self-
catalyzed GaAs/InAs nanowire heterostructures. For this first Ga-assisted GaAs nanowires were
grown and then the Ga-droplet was fully consumed under an appropriate growth conditions. This
led to a flat top facet free of Ga. Afterward, InAs segments on top of GaAs stems were created by
a separate supply of In and As fluxes. This technique allowed of the creation of atomically sharp
interfaces for axial InAs-on-GaAs nanowires. Moreover, the radial overgrowth of InAs around
GaAs (another common problem for axial InAs/GaAs nanowires) is avoided with this approach.
However, it still remains unclear whether the formation of long InAs segments (longer than 20
nm) with dislocation-free interfaces is possible with this technique.

Radial overgrowth:

An additional problem, which is often observed for axial nanowire heterostructures, is parasitic
conformal growth on the nanowire sidewalls. Since the vapor-liquid-solid growth of nanowires is
promoted simultaneously by direct flux of supplied materials and diffusion flux of adatoms from
the substrate, there is always a possibility that an adatom will be trapped on the nanowire sidewall
leading to an unintentional radial overgrowth. Such radial layers are source of additional strain,
carrier instabilities and leakage in axial nanowire heterostructures.

A careful tuning of the available growth parameters has been shown to efficiently inhibit the
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radial overgrowth for GaN/AlN nanowire superlattices [83]. An increase of the growth temperature
from 765 °C up to 780 °C led to the complete suppression of the parasitic AlN overgrowth. Yet
such high growth temperatures are not applicable for the growth of III-As nanowires. One of
the possible solutions to suppress the parasitic radial growth can be seen in the crystal structure
tuning. It was reported that InAs overgrowth for InAs-on-GaAs nanowire heterostructures is more
pronounced when the GaAs segment exhibits zinc blende crystal structure [74]. Another example
of significant InAs lateral overgrowth around zinc blende GaAs nanowires was observed by Huang
and his colleagues [84]. Indeed, the zinc blende crystal phase has {112}-like side facets which
usually promote tilted {111} microfacets (Figure 2.16) [50, 85]. The microfacets act as additional
traps for the diffusion of adatoms. On the contrary, nanowires in the wurtzite crystal phase have
straight {1010} type side facets and thus are more likely to promote the axial selectivity.

(a) (b)

(c) (d)

Figure 2.16: Different nature of side facets for wurtzite and zinc blende crystal structures. Adapted from
[85]. InAs nanowires with pure zinc blende a) and pure wurtzite b) crystal structures. Microfacets are
clearly visible on zinc blende nanowire side walls. TEM images of cross sections taken along the growth
axis for zinc blende c) and wurtzite d) crystal phases, depicting difference in nanowire sidewalls.

In this work, we are going to study the growth of highly-mismatched InAs-on-GaAs nanowire
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heterostructures. We develop a growth strategy aimed at achieving straight nanowires. We
demonstrate that with an optimized growth protocol and growth parameters the yield of straight
axial InAs-on-GaAs nanowire heterostructures on silicon is as high as 92%. We propose and discuss
possible ways to increase the interface sharpness between InAs and GaAs segments. We find
parameters for which the InAs shell formation around GaAs nanowires is inhibited. Furthermore,
detailed investigations of the interface crystalline quality of thin (below 50 nanometers) and thick
(above 95 nanometers) nanowires is presented.
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Experimental methods

3.1 Molecular beam epitaxy

A history of molecular beam epitaxy
At the end of the fifties, together with the progress in production of vacuum-deposited films, there
was a growing need for compound semiconductors. By that time it was already known that most
of III-V compounds show strong dissociation during evaporation stage. Moreover, individual
components of III-V compounds (like, for example, Ga and As) have significantly different vapor
pressures. As a consequence, the evaporated III-V compound films were not homogeneous in
composition and did not exhibit good crystalline quality. A great progress was achieved with the
development of so called “three-temperature method” (3T-method) by Gunther in 1958 [86]. In
this method, a more volatile element (such as As, Sb etc.) was present in a growth chamber in
excess, creating gaseous ambient while a less volatile element (such as Ga, In etc.) was evaporated
directly onto a substrate. This technique allowed for the first time a stoichiometric deposition
of semiconductor compounds such as InAs, InSb, GaAs. It was however not clear how to grow
ternary compounds with two different group-V elements such as, for example, GaAsxP1−x by
this method because of different vapor pressures of As and P. Even though the films grown by
3T-method were not single-crystal and the vacuum was far from ultra-high, it was this technique
which became a prototype of well-known now molecular beam epitaxy (MBE).

It took more than a decade for the scientists to extend 3T-method in order to be able to grow
high-quality single-crystal epitaxial films of III-V compounds. In 1969, J. R. Arthur and A. Y. Cho
proposed to use molecular beams of group-V elements aimed directly onto a substrate instead of
using their gaseous ambient for the growth [87, 88]. The vacuum conditions for the growth were
significantly improved ( 1 × 10−9 Torr instead of 1 × 10−7 Torr [89]). Furthermore, with time
polished monocrystalline substrates instead of borosilicate glass were employed. By adding these
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last two conditions to the stoichiometric deposition provided by 3-T method, the MBE technique
was born.

All existing epitaxial techniques have one thing in common: the growth of one material on top
of another happens epitaxially. In other words the orientation of grown crystalline material will be
defined by the underlying crystal. Speaking about reagent carriers, epitaxial techniques can be
roughly divided into three groups:

1. Liquid phase epitaxy (reagent carrier is a liquid phase).

2. Vapor phase epitaxy (reagent carrier is a vapor phase).

3. Molecular beam epitaxy (reagent carrier is a molecular beam).

The liquid phase epitaxy (LPE) is the oldest technique and was used for the growth of
different compounds. With the miniaturization of electronic devices, however, where high-quality
submicrometer structures are required, more advanced techniques (such as metalorganic vapor
phase epitaxy (MOVPE) and MBE) were invented. The use of LPE now can be found in industry
due to its economical reason, especially for a large-scale production (LPE is still the main way to
obtain monocrystalline silicon by Czochralski process, for example).

MOVPE process involves chemical reactions, which take place near substrate. Vapor-phase
chemical precursors (such as, for example, Trimethylgallium and Arsine for the growth of GaAs)
are used for the growth of different materials. Continuous supply of reagents, simplicity in
controlling the reagents consumption (and hence, the growth rate) in a wide range and possibility
to use high growth temperatures made MOVPE the most common epitaxial technique.

In a MBE reactor, the growth is carried in an ultra high vacuum environment by means of
physical deposition of molecules and/or atoms on the surface. This technique allows to control the
composition of the epitaxial layers with atomic monolayer precision. It is possible to monitor the
growth of the crystal layers in real time using reflection high energy electron diffraction (RHEED).
MBE is an important technique to realize nanostructures in both fundamental and applied research
[90].

All samples considered in the present manuscript, are grown in a Riber-32 MBE reactor which
is discussed hereinafter.
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Riber-32 MBE reactor
The Riber-32 MBE reactor is composed of three main parts: an introduction chamber, a transfer
chamber and a growth chamber (see Figure 3.1).

Figure 3.1: A picture of the Riber-32 MBE equipment at NPSC. Three chambers with corresponding gate
valves are indicated.

Each chamber is isolated by a gate valve and has its own pumping system. The introduction
chamber allows sample loading from the outside and, thanks to the gate valve system between the
chambers, the ultra high vacuum (UHV) of the growth chamber is not affected by the loading
at the atmospheric pressure. Samples are usually glued with In on a molybdenum holder prior
loading into the introduction chamber. The transfer chamber connects the growth chamber with the
introduction chamber. Samples are preliminarily degassed on a heater up to 250 °C in the transfer
chamber in order to eliminate possible contamination and to remove water from the surface. The
samples are then transferred into the growth chamber. A sketch of the growth chamber is shown
in Figure 3.2.

The MBE growth chamber is made of UHV-compatible stainless steel. UHV conditions in
the growth chamber are achieved by two different pumps: a turbomolecular pump and a titanium
sublimation pump. We obtain a pressure of 10−10 Torr in the growth chamber. A quadrupole
mass spectrometer located in the chamber allows to monitor the background composition and to
determine the level of water, oxygen, nitrogen and other contaminants by measuring the atomic
weights of the chemical elements.
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Effusion cells

Liquid nitrogen 
cryopanels

RHEED gun

Beam flux gauge

Gate valve

Viewing window

Sample holder
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Figure 3.2: Schematic representation of the Riber-32 MBE growth chamber.
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Figure 3.3: Sketch of an effusion cell and of a cracker cell. Both cells have an evaporation zone, where a
metal load turns into vapor. However, the cracker cell has an additional zone where poly-atoms (tetramers
of As in our case) are decomposed into dimers and monomers (cracking zone on the picture).

Liquid nitrogen cryopanels surround the inner surface of the growth chamber. Their cold
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surface traps contaminations and residual gas species on the walls, improving the vacuum in the
chamber. In addition, the cryopanels help minimizing cross-contamination between effusion cells
of different materials.

There are six effusion cells (In, Al, C, Si and two sources of Ga) and one valved cracker cell
filled with As. The crucible of the effusion cells is truncated increasing the uniformity of deposited
molten sources. Yet to achieve maximum uniformity rotation of the sample during each growth is
still necessary. A simple sketch of the As effusion cell and the As cracker cell is shown on Figure
3.3. In the present work, the valved As cracker cell was used for all grown samples. The main
advantages of the valved cracker cell compared to the normal effusion cell are: more directive flux
of As, the flux is highly reproducible and precise. Moreover the higher loading capacity of the
valved cracker cell leads to a longer operating life (no need to break the vacuum and open the
growth chamber to refill As for a long time!).

In front of each effusion cell a shutter allows rapid interruption and resumption of material
fluxes. The cracker cell has a valve, which controls the flux of supplied As. An additional
general shutter is placed between the sample holder and the cells to interrupt all material fluxes
simultaneously. A small hole located right opposite of the As cracker cell helps to maintain As
flux while all fluxes are off (it is necessary, for example, at a cooling stage of As-like nanowire
heterostructures to avoid the surface damaging 5).

Flux monitoring
Accurate control over fluxes is necessary especially when complex heterostructures are grown
in MBE. Flux monitoring is usually carried out with an ionization gauge (see Figure 3.4) which
works in the range of 10−3 to 10−10 Torr.

The working principle of flux monitoring by the ionization gauge is simple: a heated filament
emits electrons which are accelerated by the potential difference between the filament and a helical
grid. These fast electrons bombard molecules of measured material and ionize them. The gas ions
are attracted by the negatively charged ion collector, and the resulting current is amplified and
converted into the beam equivalent pressure (BEP). Often BEP ratio is used to indicate a relation
of a more volatile to the one of a less volatile element (V/III BEP ratio, for example).

The ionization gauge is positioned on the back side of the sample manipulator (see Figure 3.1).
Such a configuration allows gauge shielding while samples are grown.

Measuring fluxes should be treated with caution, especially when one considers more volatile
elements (As for our case). The molecules of such elements do not have high sticking coefficient
compared to, for example, Ga or In, and can have a second pass trough the gauge influencing the
measured signal. This problem, however, can be bypassed by first measuring the flux of Ga (or the
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Heated 
filament

Helical
grid

Ion collector

Figure 3.4: The picture of ionization gauge which is composed of three main parts: a heated filament, a
helical grid and an ion collector.

one of any group III-element). By doing so, As will be absorbed on the surface behind the gauge
after its first pass, as the sticking coefficient of As is nearly one on group-III covered surfaces.

Reflection high energy electron diffraction (RHEED)
As mentioned in introduction, to monitor the crystal growth of samples (its quality, growth rate,
surface structure and temperature), we employ reflection high energy electron diffraction (RHEED).
A beam of electrons in the energy range of 3-30 keV and with an incident angle θ = 2° is sent to
the surface of the grown sample (see Figure 3.5). Since the incident angle is very small, electrons
do not penetrate the crystal and are scattered from the upper layer of the sample. These scattered
electrons which carry the necessary information about the surface hit the fluorescent screen. As a
result, a pattern is visible on the RHEED screen (see RHEED pattern of a GaAs substrate after
de-oxidation on Figure 3.5).

In analyzing the RHEED pattern, one needs to understand its formation. Since the incident
angle of the electron beam is just 2° (grazing incidence), the investigated three-dimensional
sample can be considered as a two-dimensional grating. The reciprocal lattice of such a grating
presents rods perpendicular to the sample surface (Figure 3.6a,b). Taking into account energy
and momentum conservation, constructive interferences will only occur when the Ewald sphere
crosses the reciprocal rods. If the analyzed surface is atomically flat, the reciprocal rods will be
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RHEED pattern

Figure 3.5: Simple sketch of RHEED system and a pattern image obtained from the fluorescent screen
after de-oxidation of a GaAs substrate.

very narrow and the intersection with the Ewald sphere will result in "dots-like" pattern on the
RHEED screen (see Figure 3.6 d,1). In practice, however, streaked pattern is observed (see Figure
3.6 d,2). This happens due to the broadening of the reciprocal rods caused by crystal imperfections.
It worths distinguishing two additional cases: Figure 3.6 d,3 shows the RHEED pattern from the
surface with small surface steps and Figure 3.6 d,4 shows the RHEED pattern from polycrystalline
surfaces. Now we can decipher the RHEED pattern obtained from the de-oxidized GaAs substrate
on Figure 3.5: the surface is smooth, yet with a high density of atomic steps.

The distance between streaks on the RHEED pattern brings information on the plane spacing.
Indeed, after performing simple math with the Bragg scattering condition, the distance between
planes can be expressed as [91]:

d =
λL
D
, (3.1)

where λ is the electron beam wavelength, L is the distance between the sample and the RHEED
screen and D is the distance between diffraction streaks.

In addition, the spot associated with the specular reflection of the beam on the sample brings
very useful information. Indeed, the intensity of the specular RHEED spot oscillates during the
growth and this provides us a quick and precise method for determining growth rates (see Figure
3.7). Indeed, the intensity varies depending on the surface coverage. The maximum brightness of
the specular spot is achieved when the surface is fully covered and thus is smooth. Conversely,
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(a) Side view

(b) Top view

(c) pattern on the RHEED screen
1

2

3

4

Figure 3.6: Simple sketch of the RHEED pattern origin: (a)-side view and (b) - top view. The schema
shows the intersection of the Ewald sphere with the reciprocal rods. (c) Schematic illustration of RHEED
pattern for four different cases: 1 - ideal smooth surface, 2 - real smooth surface, 3 - smooth surface with a
high density of atomic steps, 4 - polycrystalline surface.

when the surface is only half covered and thus has its maximum roughness, diffuse reflection leads
to a minimal brightness. The entire amplitude cycle, therefore, corresponds to the growth of a
single monolayer (ML). It is also worth noting that the RHEED oscillations dump with time as
each successive ML is always more rough than the previous one.
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Figure 3.7: RHEED oscillations taken for the GaAs growth rate. The distance between two maxima
indicates the time corresponding to the growth of one monolayer.
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Sample temperature calibration using RHEED

The sample temperature is measured with a termocouple which is connected to the back side of
the holder. Achieving reproducible and accurate substrate temperature is essential for MBE. Since
the termocouple wires are connected to the holder and not directly to the sample substrate, there is
a discrepancy between the real substrate temperature and the one that is measured by termocouple.
Moreover, nominally identical substrate holders may provide different substrate temperatures due
to the indirect measurements. Therefore, in order to have a reliable growth temperature from one
growth run to the other, we performed a RHEED temperature calibration. In the current work, we
used the desorption temperature of GaOx as a reference point.

It is a well known fact that the protective oxide desorbs from GaAs at 580 °C under an As flux.
The desorption will lead to the subsequent surface reconstruction: from an amorphous RHEED
haze (with only one streak corresponding to the reflected beam) to a smooth crystalline RHEED
pattern.

A small 5 × 5 mm2 piece of a GaAs wafer is glued to the center of the holder. After an
outgassing in the introduction chamber at 200 °C the sample is introduced into the growth chamber.
The sample temperature is firstly raised to 400 °C in the absence of As flux. Once 400 °C is
reached, the As valved cracker cell is opened. This step is necessary to prevent As desorption
from the GaAs substrate at high temperatures. In the temperature range between 400 °C and
550 °C RHEED amorphous "haze", attributed to the oxide, along with a weak specular streak is
visible. From 550 °C to approximately 580-590 °C the streak becomes more apparent owing to
the weakening of the RHEED amorphous "haze". RHEED pattern in the form of bright broken
streaks, attributed to the smooth crystalline surface is observed in the range between 610-640 °C
in this work.

3.2 Electron microscopy

The first optical microscope has been invented back in the 17th century. This was a great
development which allowed people to view objects which are invisible for the naked eye (such as
red blood cells or bacterias, for example). However diffraction imposes a limit on the resolution of
this imaging system: any object (or details of an object) which is less than half the wavelength of
the microscope’s illumination source (< λ/2) is not visible. Since an optical microscope uses
visible light (wavelength range is 390-700 nm) as the illumination source, the estimated resolution
does not exceed a few hundreds of nanometers. One way to overcome this limitation is to use
high-speed electrons which have a shorter wavelength than visible photons.
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Scanning electron microscopy
In the scanning electron microscopy (SEM), a focused electron beam in the energy range of 1
to 30 kV is used to image the sample. Such an acceleration voltage is sufficient to minimize the
wavelength of electrons down to 0.04 nm (for the highest energy). Each point of the sample surface
is sequentially irradiated by the electron beam, which is scanning the sample. An interaction
of electrons with the sample surface results in different types of signals such as secondary and
back-scattered electrons, Auger electrons, X-rays and cathodoluminescence. A simple sketch of
the physical nature of these signals is depicted in Figure 3.8.

SE
BE

XRay

AE

Figure 3.8: Interaction between electrons of the scanning electron microscope and the sample. From left
to right: secondary electrons (SE); backscattered electrons (BE); Auger electrons (AE); X-rays. Adapted
from [92].

The SEM uses signals produced by electrons to observe and analyze the sample nature.
Depending on the type of the signals, collected by a suitable detector, we can get an information on
the surface topography (secondary electrons), the distribution of different elements (backscattered
electrons), or the chemical composition (X-Rays).

SEM analysis is fast, accurate and allows to observe the sample from all possible directions
through x-y-z rotation of the sample stage. In the present work, a SEM Zeiss Ultra-55 operated at
5 kV and with a spacial resolution of about 1 nm was used. All samples were cleaved in parts
before the SEM studies. The freshly cleaved surface was used to image the side view of the sample
and to measure the growth direction, the length, the diameter and the actual morphology of grown
nanowires, as well as to investigate a 2-dimensional (2D) growth on the surface. Top-view imaging
was performed in order to estimate the nanowire density, the direction of possible nanowire kinking
and the ratio of kinked over straight nanowires. Some samples were mechanically transferred on
a carbon grid and imaged from the top before composition analysis by energy-dispersive x-ray
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spectroscopy. Observation of the sample with a 30° tilt was used to obtain an overview of the
morphology of the sample, the surface of the 2D growth, the nanowire kinking and its angle and,
again, the ratio of kinked over straight nanowires. The SEM Zeiss Ultra-55 offers the possibility
to work in the scanning-transmission electron microscopy (STEM) mode thanks to an additional
sample holder with build-in detector which is located right below the sample. This holder can
be placed inside the SEM chamber. We used this detector from time to time to have a quick
information on a structure and composition of the samples. However, when detailed information
on the structural properties of nanowires was necessary, high-resolution transmission electron
microscopy (TEM) was used.

Transmission electron microscopy
TEM is a powerful tool which enables a direct imaging of the crystalline lattice. It thus provides
information on the crystal structure, the crystallographic orientation, and on possible structural
defects and dislocations. All of this is possible thanks to high accelerating voltages of irradiated
electrons (typical range is 100-300 kV), which is much higher than in case of SEM. The high
voltage together with the specially prepared thin sample (thickness < 100 nm) allows penetration
of electrons through the sample. An image is formed due to the electrons which pass through the
sample and interact with it. The image plane is then magnified by a system of lenses and displayed
on a fluorescent screen.

BF mode DF mode HR mode

A A

S S S

I I I

A

Figure 3.9: Three main image modes of TEM depending on the position of the objective aperture. From
left to right: bright field (BF); dark field (DF); high-resolution (HR). Capital letters S, A and I represent
Sample, Aperture and Image respectively.

In TEM, the sample is illuminated with a parallel beam of electrons. The image interpretation
depends on the operation mode of the TEM. There are several image modes: bright field (BF)
TEM, dark filed (DF) TEM and high-resolution (HR) TEM (see Figure 3.9). In all cases a selective
aperture situated at or near the focal plane is inserted. In BF mode, the image is formed from the
direct beam only. The aperture is placed in such a way that only transmitted beam which has not
been scattered and diffracted is selected. In this case the image contrast is due to the weakening of
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the direct beam: objects with higher density of electrons, made of heavier elements will result in
darker contrast (Au nanoparticle appears darker than GaAs or InAs, for example). In the DF mode,
the aperture blocks the direct beam while the diffracted beams are selected. Since the diffracted
beams have strongly interacted with the sample, a very useful information can be collected in
the DF TEM (information on dislocations, stacking defects). In HR mode, this aperture can
be inserted in order to select both the direct beam and a few diffracted beams. This use of the
objective aperture can increase the contrast and smooth some details of the HRTEM images, but it
also limits the resolution of the HR-TEM image. Consequently in practice, the objective aperture
is not inserted in HR-mode.

One additional high-resolution functionality of a modern TEM is a scanning transmission
electron microscopy (STEM) mode. In this case, the electron beam is focused on a narrow spot
on the sample (instead of a parallel beam of electrons like in TEM) and like in SEM this spot
scans the sample. Similar to TEM, STEM uses the transmitted beam to build up the final images.
However, instead of the objective lens and the selective aperture special detectors are employed:
a BF detector is placed on-axis below the sample and collects the direct beam, an annular DF
(ADF) detector gathers electrons, scattered through small angles and a high angle ADF (HAADF)
detector collects electrons scattered out to higher angles. HAADF images are sometimes referred
to as Z-contrast images because the contrast depends on the atomic number Z of the chemical
element (roughly as Z2).

Contrary to HR-TEM images, whose contrast critically depends on many parameters such as a
sample thickness, beam tilt, defocus, HR-STEM images are generally much easier to interpret. In
HR-TEM atomic columns can be white or black depending on the experimental parameters. In
HR-STEM images, atomic columns are always white

Another advantage of the STEM mode is the possibility to obtain a spatially resolved chemical
composition of the sample with energy dispersive X-ray spectroscopy (EDX). A simple sketch
explaining its working principle is presented on the right diagram of the Figure 3.8. The sample
is illuminated with the focused electron beam and the X-ray spectrum is collected by an energy-
dispersive spectrometer. This spectrum is characteristic of each chemical element. Its analysis
therefore yields the sample composition.

In the present work, a CM300 TEM equipped with a LaB6 thermionic emitter operated at 300
kV was used for crystalline structure investigations (and to investigate an epitaxial relationship
between grown NWs and the substrate) in the TEM mode. The detailed chemical composition
and the crystalline structure of the nanowires were investigated by EDX and HAADF STEM on a
probe corrected FEI Titan Themis working at 200 kV, equipped with four silicon drift detectors for
EDX. As mentioned earlier, the TEM samples should be very small and especially extremely thin
(less than 100 nm in thickness) for the correct investigation. We discuss below sample preparation
for TEM, HAADF STEM and EDX.
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TEM holder

3

1

2

Figure 3.10: Schematic representation of the TEM sample preparation. The sizes of the cleaved sample
and the Cu grid are intentionally exaggerated.

For TEM measurements, the samples were first cleaved in small "pie-like" pieces (see Figure
3.10). Then, the cleaved sample was glued to a cooper (Cu) grid, as shown on the second step
of the Figure 3.10. Finally, the Cu grid was placed on a TEM holder. Individual nanowires can
be easily studied on the sharp corners of such cleaved sample. Moreover, the nanowires are not
removed from the original substrate and the epitaxial relationship between the substrate and the
grown crystals can be studied. However, samples prepared using this technique are not well suited
for EDX analysis. Indeed, the substrate will give an additional X-ray signal. For this reason, for
the STEM and EDX measurements the nanowires were mechanically transferred on a carbon
membrane by simply sliding the membrane across the NW sample (see Figure 3.11).

Figure 3.11: Schematic representation of the sample preparation for the HAADF STEM and EDX studies.

One way to extract a quantitative information from HRTEM and HRSTEM images is to use a
Geometrical Phase Analysis (GPA) [93], a technique based on a Fourier space algorithm. This
technique is discussed hereafter.
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3.3 Geometrical Phase Analysis
Geometrical Phase Analysis (GPA) is a powerful image processing tool which is extremely helpful
to extract local lattice displacement and strain fields from HRTEM images [93]. Moreover, the
technique allows to visualize the obtained local distortions in 2D color map format. The method is
based on a double fast Fourier transform (FFT): the first FFT, applied to the original HRTEM
image, yields Bragg peaks and the second one (so called inverse FFT (IFFT)) is performed on one
of the peaks, providing an access to the local lattice variations from the phase component of the
resulting complex image.

Indeed, any HRTEM image of a crystal structure can be represented as a Fourier transform:

I(r) = A0 +
∑
g>0

2Agcos(2πgr + Pg), (3.2)

where I(r) is the image intensity at the position r, g is the reciprocal lattice vector, Ag and Pg

are the amplitude and the phase, respectively, corresponding to the particular reciprocal lattice
vector. The GPA plots an image equivalent to this equation (see the FFT image on Figure 3.12 b).

HAADF STEM FFT

P0002

g1=0002

A0002

FFT IFFT

a) b)

c)

d)

Figure 3.12: GaAs/InGaAs nanowire heterointerface. a) HAADF STEM image taken along the [2-1-10]
viewing direction; b) FFT image obtained by GPA with the selected Bragg peak g = 0002; c) phase P0002
and d) amplitude A0002 images obtained by IFFT applied to the g = 0002 of the FFT image b).

48



3.3 Geometrical Phase Analysis

The image corresponding to a particular set of g (we will call it Bg(r)) can be therefore written
as:

B(r) = 2Agcos(2πgr + Pg). (3.3)

To obtain this equation in the image format by GPA, we filter only one of the Bragg peaks from
the FFT image (3.12 b)) and perform the IFFT. The final complex image will consist of phase
(3.12 c)) and amplitude (3.12 d)) components. The gradient of the phase indicates the deviation in
the lattice vector [93]. In order to observe this deviation more clearly, it is necessary to choose on
the phase image a phase-reference-area, where the software will calculate its average phase value,
and subtract the averaged value from the original phase image. An example of this procedure
can be found in Figure (3.13): the a) image is a raw phase component P0002 obtained from the
HAADF STEM 3.12 a). We take undistorted GaAs lattice far from the interface as a reference,
and subtract this value out of the raw phase image. The resulting phase (we will call it P′0002) is
shown in Figure 3.13 b): the phase is nearly zero in the GaAs segment before the interface (since
this part has been chosen as a reference and the lattice vector has not undergone any significant
changes). A noticeable color gradient can be seen on the right side from the interface which
corresponds to the ternary InGaAs segment. The abrupt black and white color variation is caused
by phase renormalization between ±π.
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Figure 3.13: GaAs/InGaAs nanowire heterointerface. From left to right: [2-1-10] HAADF STEM image;
FFT image obtained by GPA with the selected Bragg peak g1 = 0002; phase P0002 and amplitude A0002
images obtained by IFFT applied to the g1 = 0002 on FFT image.

The local deformation can be found out of the gradient of the displacement filed of two non
collinear lattice vectors:

e =

[
exx exy

eyx xyy

]
=

[
dUx

dx
dUx

dy
dUy

dx
dUy

dy

]
. (3.4)
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The symmetric part of this matrix represents the strain (we will call it ε):

ε =
1
2
(e + eT ), (3.5)

and the antisymmetric part represents the local rigid rotation ω:

ω =
1
2
(e − eT ), (3.6)

here eT is the transpose deformation matrix.

Figure 3.14 shows 2D color maps obtained by GPA for a GaAs/InGaAs nanowire: a local
lattice variation ∆d and the εxx component of the strain tensor.

Δd nm εxx at.

-9 -3 2 80,31 0,34 0,360,29

nm %

Figure 3.14: 2D color maps of the GaAs/InGaAs nanowire heterointerface corresponding to the g=0002.
From left to right: local lattice variation ∆d (corresponds to c/2 in wurtzite) and εxx component of the
strain tensor.

When analyzing GPA results it is important to keep in mind that the spatial resolution of the
final image depends on the size of the mask which is applied to the particular Bragg peak. Since
the reciprocal space has an inverse relation to the direct space, the bigger the mask size we use in
FFT the smaller the mask size in the real space and the better the spatial resolution of the final
image. To demonstrate this effect, three different mask sizes were chosen. Figure 3.15 shows the
εxx strain color maps and corresponding line profiles obtained from 3.12 (a) for three mask sizes:
(a) 20 nm−1, (b) 45 nm−1 and (c) 97 nm−1 (numbers correspond to the radius of the mask in the
reciprocal space, masks are visible in red on the FFT images). The 97 nm−1 radius was chosen as
the largest mask which does not include additional Bragg peaks.
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-7 10

εxx

a) b) c)

Figure 3.15: εxx strain maps and corresponding line profiles of the GaAs/InGaAs nanowire heterointerface
(g=0002) for three different mask sizes: (a) 20 nm−1, (b) 45 nm−1 and (c) 97 nm−1. Masks are indicated in
red on FFT images.

The maps and profiles are qualitatively the same for all cases: a compressed InGaAs layer
is visible on top of a GaAs segment. However, increasing the mask size improves the spatial
resolution, and essentially leads to larger values of εxx . Yet, the increase in spatial resolution
comes with an increase in the noise. It becomes extremely pronounced for the largest mask (see
Figure 3.15 (c)).

All the image processing performed in the current work was carried out using GEM GPA
v7 software written by Jean-Luc Rouviere [94]. We used the mask size of ∼45 nm−1 in order to
preserve a balance between a good spatial resolution and a high signal-to-noise ratio.
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Chapter 4

Growth of GaAs-on-Si nanowire
heterostructures

Today, highly sensitive single-photon detectors with the ability to amplify weak input signals are
required in fiber-optic communication systems. Silicon-based avalanche photodetectors are widely
used for these purposes owing to both high gain (up to 1000) and low noise, high sensitivity,
low cost and a direct compatibility with the silicon-based technology [95, 96]. Moreover, Si
photodetectors in a nanowire geometry have the potential for higher sensitivity thanks to their
reduced cross section [97]. Yet, the band gap of silicon is 1.12 eV and is too high to detect light at
the telecom wavelength. Thus, the insertion of an optically active, low band-gap InAs segment
in a Si nanowire seems a natural strategy to realize highly-sensitive single-photon detectors at
telecommunication wavelengths. However, the extremely high lattice-mismatch between InAs and
Si (more than 11%) makes it challenging to realize such heterointerfaces [14] with the last being
crucial for the device performances. In contrast, the mismatch between Si and GaAs is only 4%.
Therefore, the use of a thin GaAs barrier between Si and InAs segments contributes to reduce
strain and to produce dislocations free heterointerfaces. Thus, the final nanowire heterostructure
should contain four heterointerfaces, namely: Si/GaAs, GaAs/InAs, InAs/GaAs, GaAs/Si.

In this chapter, we will focus on the first heterointerface, namely Si/GaAs. The growth of
hybrid IV/III-V nanowire heterostructures is more difficult and much less studied than the growth
of materials from the same semiconductor family. Only very recently impressive results on the
growth of axial Si/III-V [22, 98] and Ge/III-V [98] nanowires were demonstrated. In particular,
it was shown that the combination of GaAs and Si in a nanowire heterostructure is possible if a
thin GaP [22] or a thin Ge [98] barrier is introduced between GaAs and Si. In both cases, the
growth of such complex heterostructures was performed by means of metalorganic vapor phase
epitaxy. Another way to directly combine GaAs and Si in nanowires was proposed by Sonia
Conesa-Boj and co-authors [99]: Ga-assisted GaAs nanowires were grown in a molecular beam
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epitaxy reactor while Si segments were grown at low growth temperatures in a plasma enhanced
chemical vapor deposition reactor. By a careful tuning of the Ga droplet supersaturation and the
growth temperature, a Si axial segment grew on top of GaAs stems. However, the Ga droplet at
the top of the final structure was damaged, preventing the growth of additional axial segments.

In this chapter, we present studies on the molecular-beam epitaxy growth of GaAs segments on
top of Si nanowires, that were grown by chemical vapor deposition. We recycle the gold catalyst
present at the Si nanowire tips to grow GaAs segments. We first analyze the effect of different
chemical treatments, used to remove the native oxide formed both on the Si nanowires and on
the substrate, on the morphology and chemistry of Si nanowires. The chemical treatments are
performed prior to loading the samples to the molecular beam epitaxy reactor. We then study how
the morphology of Si/GaAs nanowires is affected by the growth temperature. Finally, we propose
alternative ways of combining GaAs and Si in nanowire heterostructures.

4.1 Analysis of the silicon nanowires
The most common way to synthesize Si nanowires is the vapor-liquid-solid method with Au as a
catalyst [26, 100, 101, 102]. The advantages of using an Au catalyst are: availability, chemical
stability (does not oxidize in air) and low eutectic temperature with Si. On the other hand, Au
is known to diffuse on the Si nanowire sidewalls. This problem is particularly present when Si
nanowires are grown by low-pressure chemical vapor deposition [100, 102]. The Au clusters,
in turn, can promote the growth of branches on the nanowire sidewalls [103, 104] and increase
its roughness. More dramatically, Au forms deep levels in the band gap of Si. Therefore, it is
important to keep the Au droplet far from critical surfaces.

In this work, Si nanowires were grown in the vapor-liquid-solid mode on Si(111) substrates
in a low pressure chemical vapor deposition reactor by Pascal Gentile at CEA/INAC [105, 103].
Silane (SiH4) was used as the source of Si and hydrogen (H2) was used as a carrier gas. Gold
colloids with 50 nanometers diameter were deposited on Si(111) substrates before the growth. The
growth temperature was 620 °C and the Si nanowires were grown for 1 hour. We first analyzed the
morphology of the Si nanowires by scanning electron microscope (SEM) imaging and then with a
transmission electron microscope (TEM).

A side-view SEM image of the nanowires is presented in Figure 4.1 a. Most Si nanowires
are perpendicular to the Si(111) substrate. After analyzing several SEM images, we estimate
that, on average, the length and diameter of the nanowires are 828 ± 118 nm and 68 ± 21 nm,
respectively. The Au droplets, which are visible at the tips of nanowires, sit on a top facet forming
an angle with the {111} growth direction. We measured this angle on a series of nanowires and it
is equal to 53.80° ± 3°. Within the margin of error, it corresponds to the angle formed between
the {100}-oriented facets and the (111)-top facet (54.7°, see Figure 4.1 b). Therefore, the Au
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Figure 4.1: Au-assisted Si nanowires on a Si(111) substrate. a) Side-view SEM image of the Si nanowires.
The angle between the top (111) facet and the gold droplet is indicated in yellow. b) Schematic illustration
of the facets and the corresponding angles they make with the (111) top facet in zinc blende Si nanowires.
Bright-field TEM image c) and close up view d) of a typical Si nanowire. In this mode, the gold particle
appears in dark contrast and is visible at the top of the nanowire. Moreover additional small gold clusters
are present on the nanowire sidewalls (some of them are indicated by arrows on c) ). A 2 nm thick silicon
oxide layer is visible on c).

droplet sits on a {100}-oriented facet. During the vapor-liquid-solid growth of Si nanowires on
(111) substrates, the nanowire/droplet growth interface is not planar but has periodically occurring
truncated facets. Moreover, it was demonstrated that the size of the truncated facet depends on
the supersaturation of the catalyst droplet [106]: the smaller the supersaturation the bigger the
truncated facet. We suppose that {100}-oriented facets are formed at the end of the growth process,
after closing the silane valve and cooling down the substrate to room temperature. At this stage,
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Chapter 4 : Growth of GaAs-on-Si nanowire heterostructures

nanowire growth proceeds via the consumption of Si remaining in the liquid gold droplet. This
quickly reduces the droplet supersaturation provoking thus an enlargement of the truncated facet.
As the Au droplet continuously shrinks, it becomes unstable and can slide down to one of the
formed truncated facets [107].

We then take a close-up view of the Si nanowires using bright field TEM imaging. A typical
nanowire is shown in Figure 4.1 b. The gold droplet can be clearly identified at the top of the Si
nanowire. Moreover, small Au clusters are visible on the nanowire sidewalls and are consistently
observed for all studied Si nanowires. We also observe a few nanometer thick silicon oxide layer,
surrounding each Si nanowire (Figure 4.1 c). The oxide forms when samples are removed from the
reactor and exposed to air. Thus, before loading the Si nanowire samples into the molecular beam
epitaxy rector to grow GaAs segments, it is necessary to perform a series of chemical treatments
to deoxidize the nanowires and the surfaces of silicon substrates.

4.2 Si nanowire surface preparation prior to GaAs growth
Chemical cleaning methods can be divided into two groups, namely hydrophilic and hydrophobic.
The hydrophilic strategy aims at simultaneously removing the naturally formed silicon oxide layer
and at forming an intentional ultrathin protective oxide layer which is then removed in a growth
chamber at 800 °C. The main advantage of this method is that the protective layer is inert with air.
However, it was demonstrated that hydrophilic cleaning results in the contamination of silicon
surfaces by boron atoms dissolved from glasswares [108, 109]. Moreover, it was suggested that
boron contamination is responsible for roughening the silicon surface [109].

The hydrophobic methods consist in dissolution of the silicon oxide using, for example,
hydrofluoric acid (HF) or ammonium fluoride (NH4F). The use of such chemicals leads to
hydrogen-terminated surfaces, preventing re-oxidation of the sample. Hydrogen can be then
thermally desorbed at temperatures around 500 °C in the growth chamber. Yet, it is important
to remember, that silicon surfaces terminated with hydrogen are not stable in air and slowly
transform into silicon oxide. This means that the time between deoxidation and the loading of
silicon substrates into the growth chamber must be kept to a minimum.

Given a vast literature on chemical treatments of silicon oxide, the most common ones are: 1)
pure HF; 2) a mixture of HF and NH4F; 3) Pirahna solution (H2SO4:H2O2, hydrophilic method)
followed by HF or NH4F cleaning to decrease boron contamination [110, 111, 109]. It was
experimentally demonstrated that a surface treated with HF is rougher than a surface treated
with NH4F [112]. Yet, the authors emphasize that any roughness obtained with HF can be then
decreased by dipping the sample in a NH4F solution. Taking into account all considerations above,
we tested two different recipes to de-oxidize our Si nanowires sample. The sample was cut into
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4.2 Si nanowire surface preparation prior to GaAs growth

three pieces. The first part was left as it is. The remaining pieces were cleaned with one of the
following chemical procedures:

• Method 1: H2SO4:H2O2 3:1 followed by NH4F (20 minutes, 10 minutes);

• Method 2: 1% HF followed by NH4F (1 minute, 40 seconds).

Note that all substrates were rinsed thoroughly in deionized water after each chemical step.
After the final water rinse the substrates were blown dry with nitrogen. We analyzed the three
pieces of the sample by scanning electron microscopy and the results are presented in Figure 4.2.
The nanowire surface density before chemical treatments is found to be 7 × 109 cm−2.

Method 1: no nanowires are observed at the surface and only gold droplets can be seen
on the sample (Figure 4.2 b). The substrate surface is noticeably rough with nanometer size
grooves. Since we did not find any Si nanowires, we suspect, that either the nanowires were etched
away or they were detached from the substrate. Taking into account, that NH4F etches silicon at
approximately 0.5 nanometers per minute [113] at room temperature, 10 minutes is obviously not
enough to etch nanowires with 60 nanometer diameter. On the other hand, the Pirahna solution is
a strong oxidizer and Si nanowires will probably oxidize after the H2SO4:H2O2 step. NH4F etches
silicon oxide much faster than silicon (7.2 nanometers per minute) and it is likely that the oxidized
Si nanowires were etched away from the Si substrates during the 10 minutes NH4F etching step in
the Pirahna-treatment procedure.

Method 2: in contrast to Method 1, the density of nanowires remains unchanged (see Figure
4.2 c). Moreover, no visible roughness is observed at the surface. In order to estimate whether the
silicon oxide was successfully removed, we performed transmission electron microscopy studies
of the sample. Figure 4.3 b shows the Si nanowires before chemical treatment. We observe a
rough, 2 nanometers thick, silicon oxide layer on the nanowire surface. Moreover, a large number
of gold clusters is observed at the nanowire sidewalls. On average, we find 32 gold clusters per
120 nanometers length. The gold clusters diameter ranges from 1 to 5 nanometers. In contrast, we
did not find any traces of silicon oxide after the HF-treatment (Figure 4.3 b) and the sidewalls of
the nanowires are much smoother than before the treatment. Interestingly, the amount of gold
clusters is notably reduced. We find approximately 7 gold clusters per 120 nanometer length. The
gold clusters density is reduced by 4.5 times after chemical treatment.

Gold is a noble metal and is known to be very stable. Chemical etching of gold requires a
strong oxidizer and, thus, there are only a few chemical solutions which can etch gold at room
temperature, namely a mixture of nitric acid (HNO3) and hydrochloric acid (HCl), also known as
Aqua Regia, and a mixture of potassium iodide (KI) with iodine (I). Method 2 consists in using
HF and NH4F solutions. Those solutions do not etch the gold clusters, present on the nanowire
sidewalls. However, during its contact with air, the Si nanowires oxidize. The layer of silicon oxide
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(a)

(b) (c)

1 μm

1 μm 1 μm

Figure 4.2: Au-assisted Si nanowires on Si(111) substrate before (a) and after chemical treatments (c, d).
All the images are taken with a 30° tilt. a) SEM image of as-grown Si nanowires. b) SEM image of the
sample surface after the Pirahna treatment. No nanowires are found and only gold droplets are present at
the surface (the droplets are indicated with arrows). The surface is rough which is visible even with the
naked eye. c) SEM image of the sample after the HF-treatment.

can be also formed below the nanometer-sized gold clusters. During the HF/NH4F procedure of
Method 2, the silicon oxide is removed, leading to the lift-off of gold clusters from the nanowire
surface.

To conclude, we successfully removed silicon oxide from Si nanowires with the Method 2
chemical treatment. The density of the nanowires remained the same as before the treatment.
Moreover, we observed a significant reduction of the parasitic gold clusters decorating the nanowire
sidewalls. We thus used this procedure for all samples grown in this chapter. The transport of
clean samples from the chemical bench to the molecular beam epitaxy reactor was done in closed
beakers filled with nitrogen in order to avoid re-oxidation of the silicon surface. Before reaching
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20 nm 20 nm

(a) (b)

Figure 4.3: Au-assisted Si nanowires on Si(111) substrate before and after HF-treatment. a) Bright-filed
TEM image of a typical as grown Si nanowire. A 2 nm thick silicon oxide layer and a large number of gold
clusters are visible on the surface of the nanowire. b) Bright-filed TEM image of a typical Si nanowire after
the HF-treatment. No silicon oxide can be seen on the nanowire surfaces. The number of gold clusters is
significantly reduced and the surface is visibly smooth.

the growth chamber, the substrates were degassed at 200 °C in a high vacuum transfer module
until the pressure dropped below 2 × 10−8 Torr.

4.3 Growth of GaAs segments on top of Si nanowires
We started our experiments with growth temperature studies by investigating the effect of the
growth temperature on the morphology of GaAs segments on Si nanowires. Following the
experimental findings reported in the work of Tchernycheva and coauthors [114] for Au-GaAs
nanowires grown by means of molecular beam epitaxy on GaAs(111)B substrates, we grew a set
of samples with growth temperature ranging between 470 °C and 670 °C (see Figure 4.4). We
used fixed Ga and As fluxes of 0.28 nm s−1 and 1 × 10−5 Torr, respectively. The corresponding
Ga flux was found from a two-dimensional equivalent growth rate on a GaAs(001) surface. The
corresponding V/III beam equivalent pressure ratio equals to 30. To grow GaAs segments, the
samples were heated to the desired growth temperature with a ramp of 40 °C min−1. After one
minute of stabilization, we opened simultaneously the As cracker cell valve and the gallium shutter.
The growth of GaAs segments was performed during 8 minutes. After growth, the gallium shutter
was closed and the substrate was cooled down under an arsenic flux.

Figure 4.4 presents the evolution of Si/GaAs nanowire heterostructures as a function of the
growth temperature. Importantly all nanowires feature lateral GaAs nanoneedles grown on the

59



Chapter 4 : Growth of GaAs-on-Si nanowire heterostructures

200 nm 200 nm 200 nm

200 nm 200 nm

(a) (b) (c)

(d) (e)

470 °C 510 °C 530 °C

630 °C580 °C 670 °C

(g)

200 nm

(f)

GaAs nanoneedle

GaAs

Si

Figure 4.4: Au-assisted Si/GaAs nanowires on Si(111) substrate. a)-f) Evolution of the Si/GaAs nanowire
morphology with respect to the growth temperature (SEM images, 30° tilt).

nanowire sidewalls. The growth is catalyzed by parasitic tiny Au clusters which were detected on
Si nanowire surfaces before growth (Figure 4.3). We observe that an axial GaAs segment grows
on Si in the temperature window from 470 °C to 670 °C (see Figure 4.4). The GaAs segments
grow at an angle with the Si stems. We attribute the GaAs kinking to the initial position of the
gold droplet (see 4.1 a,b), which sits on a tilted facet at the top of the Si nanowire.

In order to estimate the evolution of growth, we measured and plotted the average growth rate
of axial GaAs segments and the average number of GaAs nanoneedles per nanowire depending
on the growth temperature (see Figure 4.5). We find that the GaAs growth rate increases with
temperature until 630 °C (see the chart bar in Figure 4.5). This tendency can be explained by a
reduction of the Ga diffusion at low temperatures, similar to the results obtained for Au-assisted
GaAs nanowires [115] and for self-assisted GaAs nanowires [116]. Adatom diffusion from the
substrate is the major contribution to the elongation of nanowires grown by molecular beam
epitaxy [115]. For higher growth temperatures more Ga adatoms diffuse toward the gold catalyst
and promote the growth of GaAs segments. Yet, when the growth temperature is too high (more
than 630 °C in our case), Ga desorption from the substrate and from the nanowire sidewalls
reduces the number of Ga adatoms reaching the droplet, limiting the nanowire growth rate (see
the results for 670 °C in the chart of Figure 4.5).

For temperatures below 530 °C the growth of axial GaAs is irregular: not all Si nanowires
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Figure 4.5: SEM analysis of Si/GaAs nanowire heterostructures. Plot of the average growth rate of axial
GaAs segments and the average number of nanoneedles per nanowire (per NW) versus growth temperature.

have a GaAs segment on top. Furthermore, not all nanowires have nanoneedles on their sides. On
average we find no more than 2 nanoneedles per nanowire for temperatures below 530 °C (see the
bar chart in Figure 4.5). As the average number of gold clusters on the Si nanowire surfaces before
GaAs growth is 7 per 120 nanometers length, we assume that not all gold clusters give rise to the
nanoneedles formation. Apparently, 8 minutes of growth is not enough to initiate the formation
of Au-assisted GaAs segments at low temperatures, most likely due to the low diffusivity of Ga
adatoms. In order to verify this assumption, another set of samples should be grown for a longer
time. We also detect a thick conformal GaAs layer around the Si stems (see Figure 4.4 a,b,c),
which further confirms the low diffusivity of Ga adatoms at low temperatures [117, 118].

In contrast, for temperatures above 530 °C, the Ga adatom diffusion is high enough and
all nanowires feature an axial GaAs segment after 8 minutes of growth (see Figure 4.4 d,e,f).
Furthermore, the number of nanoneedles as well as their length increases significantly at high
temperatures (Figure 4.5). In addition, we find that high growth temperatures assist the kinetics
of GaAs islands formation on the surface of Si substrates and around Si nanowires due to the
high mobility of Ga adatoms. This is in good agreement with the epitaxial growth of GaAs on Si
reported in [117].
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Chapter 4 : Growth of GaAs-on-Si nanowire heterostructures

4.4 Structural characterization of Si/GaAs nanowires
We now study the structural properties of our best sample by TEM. We chose the sample grown
at 630 °C because it exhibits the smallest number of nanoneedles per nanowire and the highest
axial growth rate for GaAs (see Figure 4.6). We aim at better understanding the Si/GaAs interface.
Moreover, we want to gain some information about the quality of the GaAs shell covering the Si
nanowire surfaces.

40 nm

Au
Si

GaAs

[111]

(a) (b)
SiGaAs Au

[01-1]

[-111]

[-211]

Figure 4.6: TEM analysis of Si/GaAs nanowire heterostructures grown at 630 °C. a) Bright-field TEM
image of a typical Si/GaAs nanowire heterostructure. GaAs nanoneedles grown at an angle of ∼ 70° to the
[111] nanowire growth axis. One of the angles is indicated on the image. b) Schematic illustration of a
typical Si/GaAs nanowire (on the left) and an expected faceted sidewall (on the right). The sidewall consists
in an upward oriented facet and a downward oriented one. We suppose that the gold parasitic clusters are
only anchored on the upward {111}-like facets. The angle between the upward facet and the [111] growth
direction is 70.5°.

Figure 4.6 shows a typical Si/GaAs nanowire heterostructure. We observe a Si stem with
a homogeneous diameter, which is surrounded by a rough and thick GaAs shell. The Si stem
measures 37 nanometers in diameter. The thickness of the parasitic shell is 17 nm. We find an
axial GaAs segment on top of the Si stem with the gold droplet at the tip. The diameter of the
GaAs segment is the same as the one of the Si nanowire. Evidently, GaAs is grown from the
same gold droplet. Yet, the GaAs segment is kinked and features planar defects (twins). Two
nanoneedles are present on the nanowire sidewall with a total length of 780 nm each. The needles
are tapered with 25 nm and 5 nm diameters on the bottom and at the tip, respectively. Interestingly,
all nanoneedles we found are grown at a 70° angle to the [111] growth direction (see Figure 4.6).
Moreover, we observe a three-fold symmetry in the distribution of nanoneedles on the sides of
nanowires: three sidewalls are covered with nanoneedles and alternate with three empty sidewalls
(this is particularly noticeable in Figure 4.4 d,f).
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It was firstly observed and described by Ross and coauthors [119] that Au-catalyzed Si
nanowire sidewalls exhibit so called "sawtooth" faceting. Yet, only three out of the six possible
{112}-oriented sidewalls are faceted. In addition, more recently it was found [120] that gold
parasitic nanoclusters are present only on the faceted sidewalls (to be more precise: (11-2), (1-21)
and (-211) planes), while the other three sidewalls are flat and gold-free. The authors identified
that the facets consist of two alternating types: the upward-oriented one ({111}-like facet) and the
downward-oriented one (may include several inclinations, namely {115}, {116}, {117}, {113}
and {100}). Moreover, in this work high-resolution scanning transmission electron microscope
analysis revealed that the gold clusters are only present on the upward facets.

In our experiments, the GaAs nanoneedles follow a three-fold symmetry: they are only
observed on three out of six nanowire sidewalls. Therefore, we speculate that our Si nanowires
have a saw-tooth faceting. We measured the angle between the nanowire growth direction and
GaAs nanoneedles on a series of nanowires. The angle is always positive and equals to 70° ± 2°.
Within margin of error, it corresponds to the angle between [111] nanowire growth direction and
{111}-upward-oriented facets (70,5°). In conclusion, the nanoneedles are most likely grown on
the upward {111}-oriented facets thanks to the anchored there gold nanoclusters.

4.5 Conclusions and outlook
Prior to the growth of GaAs segments we investigated the efficiency of different chemical treatments
to remove the native oxide present on Si nanowire surfaces and on Si substrates. We achieved
oxide-free surfaces and showed that the number of parasitic gold clusters present on the Si nanowire
sidewalls is decreased significantly after the proposed HF/NH4F chemical treatment.

Moreover, we have successfully demonstrated the possibility to grow GaAs segments on top
of Si by re-using the gold catalyst present at the Si nanowire tips. We investigated the range of
growth temperatures for the GaAs segments and found that it corresponds to the one used for
Au-assisted GaAs nanowires grown by molecular beam epitaxy. The growth of GaAs segments
was observed in the whole temperature range from 470 °C up to 670 °C. The longest segments
were achieved at 630°C.

Transmission electron microscopy studies of the Si/GaAs nanowire heterostructures revealed
that the GaAs segments at the tips of Si nanowires are kinked and have crystalline defects.
Moreover, a radial GaAs shell grows around the Si nanowires. In addition, GaAs nanoneedles form
at the nanowire sidewalls due to the presence of parasitic gold clusters. By a careful examination
of the angle between the nanoneedles growth direction and the Si nanowire growth axis, as well as
their presence only on the three facets (the three-fold symmetry), we determined that the sidewalls
of Si nanowires are most likely faceted. Furthermore, gold clusters are probably anchored to
{111}-upward-oriented facets, promoting the growth of nanoneedles with a constant angle.
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Figure 4.7: Comparison of Si nanowires obtained by two different methods. a) Schematic illustration and
b) bright-field TEM image of a Si nanowire, grown in a low pressure chemical vapor deposition reactor
by the vapor-liquid-solid (VLS) method with gold as catalyst. These nanowires are used in the current
work. Several issues are indicated: 1) the gold droplet seats at an angle to the top facet which promotes the
formation of kinked GaAs segments; 2) diffusion of gold droplets on the nanowire sidewalls and resulting
growth of GaAs nanoneedles; 3) enhanced parasitic GaAs shell growth on the sidewalls of the Si nanowires.
c) Schematic illustration and d) SEM image (30° tilt) of Si nanowires obtained by etching. The gold colloids
are used as a mask to prevent the etch of material underneath and thus to form Si nanowires.

The transmission electron microscopy analysis provided insight into the challenges that we
face (Figure 4.7 a):

1. kinking of GaAs segments, attributed to the initial position of Au droplets at the tips of Si
nanowires;

2. gold diffusion along the nanowire sidewalls and resulting growth of GaAs nanoneedles
catalyzed by gold clusters;

3. parasitic GaAs shell on the sidewalls of Si nanowires.

Taking into account that the challenges are a direct consequence of the vapor-liquid-solid
growth of Si nanowires in a low pressure chemical vapor deposition reactor, we expect that the use
of a top-down approach, where Si nanowires are etched out of bulk silicon with gold droplets
used as a mask (Figure 4.7 c), could help to avoid the listed problems. In order to check our
speculation, we performed preliminary studies on reactive-ion etching of Si substrates to obtain Si
nanowires (see Figure 4.7 d). The position of gold droplets, which are deposited on the surface
of bulk silicon, is unchanged during the entire etching process. Moreover the etching process is
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4.5 Conclusions and outlook

performed at relatively low temperatures (∼ 50 °C), which prevents the migration of gold from the
droplet to the sidewalls of etched Si nanowires. In addition, we avoid faceting, which is the result
of self-assembling in the vapor-liquid-solid growth of nanowires. Yet, the etching process is not
straightforward and requires further adjustments to obtain homogeneous Si nanowires that will be
used for the growth of GaAs nanowire segments.
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Chapter 5

Growth of wurtzite GaAs nanowires on Si
(111) substrates

In the present work we aim to achieve Au-assisted axial GaAs/InAs nanowire heterostructures for
photonic applications at telecommunication wavelengths. We already saw in Chapter 2, that the
crystal phase purity of nanowires is crucial for the performance of nanowire-based devices, since
defects in crystal stacking act as traps and scattering centers for the charge carriers. Thereby, it is
important to minimize the occurrence of the stacking faults during nanowire growth. Moreover, it
is important to consider the particular case of InAs-on-GaAs nanowire heterostructures, where
"energetically unfavorable" InAs segment has to be grown straight on top of GaAs nanowires.
In this case, a GaAs segment with the wurtzite crystal structure may help to stabilize the gold
droplet and increase the yield of vertical InAs-on-GaAs nanowires. Indeed, during Au-assisted
vapor-liquid-solid growth, wurtzite nanowires only nucleate when the droplet/nanowire interface
is planar, whereas truncated facets at the interface produce zinc-blende nanowires [40]. The size
of the truncated edge varies during nanowire growth and increases at low supersaturation of the
growth species in the gold droplet [106]. Thus, the gold droplet can be destabilized more easily
during the group III element switch (when the supersaturation changes drastically) in the zinc
blende crystal phase and can slide to the truncated facet, producing kinked nanowires. Thus,
constraining the GaAs segment to the wurtzite crystal phase will help to stabilize the droplet on
the top, flat facet and increase the yield of vertical InAs-on-GaAs nanowires.

In this chapter, we focus on the growth of pure wurtzite GaAs nanowires grown by Au-assisted
vapor–liquid–solid mechanism on Si substrates. Au-assisted GaAs nanowires were previously
grown on Si substrates, both by molecular beam epitaxy (MBE) [121, 122, 123, 69, 118] and
by metal-organic chemical vapor deposition (MOCVD) [124, 125, 98]. However, non of these
works reported pure wurtzite GaAs nanowires. For example, Soshnikov and coworkers [121]
observed a mixture of wurtzite and zinc blende crystal phases in Au-assisted GaAs nanowires
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grown on Si(111) substrates by MBE. The authors used in-situ reflection high-energy electron
diffraction. Similar results were revealed in the work of Ihn and coauthors [122], where the
crystal structure analysis of MBE GaAs nanowires was performed by high-resolution transmission
electron microscopy (TEM). The authors also observed a pure zinc blende crystal phase for
GaAs nanowires grown in the [001] growth direction on Si(111) substrates. Breuer et al. [118]
demonstrated that GaAs nanowires grown by MBE on Si substrates nucleate in pure wurtzite
phase only upon reaching a certain height caused by defects in the base of GaAs nanowires with
a high density of stacking faults. The authors attribute the defective region to the incubation
delay: the growth of GaAs nanowires is delayed on Si(111) substrates. This happens due to the
lower surface energy of the Au/Si relative to the Au/GaAs system. For the MOCVD growth of
GaAs nanowires, high crystalline quality, zinc blende, crystal phase was achieved at relatively low
growth temperatures (417 °C) and a high V/III ratio (25) in the work of Bao and his colleagues
[125]. The crystal quality of nanowires was studied by high-resolution TEM.

Here, we focus on the growth of pure wurtzite, Au-assisted, GaAs nanowires on Si (111)
substrates by MBE. We first study the nucleation process of GaAs nanowires on Si. We then
optimize the nanowire morphology and crystal structure purity by varying both the growth
temperature and the V/III beam equivalent pressure ratio. The crystal structure characterization
analysis is performed by high-resolution TEM.

5.1 Substrates preparation
In our experiments, we used n++-type As doped 2 inch Si substrates. The cleaning treatment of
the native silicon oxide prior to nanowire growth was performed byMethod 2, described in the
Chapter 4. For this Si substrates were etched in 1% HF for 1 minute followed by 40 seconds
immersion in 40% NH4F to remove the native oxide and to create atomically flat terraces on the Si
surface [112]. After each chemical step, all substrates were rinsed thoroughly in deionized water.
The efficiency of the cleaning treatment was determined at the final water rinsing step: a clean
silicon surface is hydrophobic and repels water. If drops of water were still sticking to the surface
after the chemical procedure, the last chemical step was repeated. After the final water rinsing
step, substrates were blown dry with nitrogen.

20 nanometers diameter Au nanoparticles were then deposited onto the substrates using
colloidal Au. The typical nanoparticle deposition time was 1 minute. In order to avoid re-oxidation
of the surface upon exposure to air during this step, we introduced a drop of 1% HF to the colloidal
Au solution on the substrate. Then, the substrates were rinsed thoroughly in high quality deionized
water, blown dry with nitrogen, and immediately loaded into the introduction module of the MBE
setup. We carried the clean samples from the chemical bench to the MBE reactor using closed
beakers filled with nitrogen in order to minimize the contact of silicon surface with air. Before
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reaching the growth chamber, the samples were degassed at 200 °C in a high vacuum transfer
module until the pressure dropped below 2×10−8 Torr.

5.2 Nucleation of GaAs nanowires on Si substrates
We first studied the nucleation of Au-assisted GaAs nanowires on Si (111) substrates to understand
the first stages of the growth at the GaAs/Si heterointerface [118, 126].

We prepared a series of four samples with the same growth parameters, but with different
growth time, to study the evolution of the GaAs nanowire growth. The samples were cut from the
same, de-oxidized, 2-inch Si wafer. We used fixed Ga and As fluxes of 0.085 nm s−1 and 6 × 10−6

Torr, respectively. The corresponding Ga flux was found from two-dimensional equivalent growth
rate on a GaAs(001) surface. The corresponding V/III beam equivalent pressure ratio is 30. The
samples were heated to a growth temperature of 610 °C with a ramp of 40 °C min−1. The first
sample was left with Au droplets and without any GaAs deposition. The growth of GaAs segments
was performed during 30 seconds, 3 minutes and 30 minutes for the remaining samples. After
growth, both the gallium shutter and the arsenic valve were closed and the substrate was cooled
down to the room temperature. The morphology of grown samples was analyzed by scanning
electron microscopy (SEM).

Figure 5.1 a)-d) shows the evolution of surface/nanowire morphology as a function of growth
time. Before the deposition of GaAs, Au droplets are homogeneously dispersed on the substrate
(Figure 5.1 a). The 30 seconds GaAs growth yielded no nanowires or crystal islands on the
substrate (Figure 5.1 b). Instead we see large gold droplets which are larger than the diameter of
the colloid. Some droplets show a notable GaAs "trace" laying on the substrate surface. After 3
minutes of growth, the Si substrate is almost fully covered by the GaAs traces which coalesce
and form a partial, two-dimensional, layer (Figure 5.1 c). Small gold droplets can be detected
on top of GaAs traces thanks to their brighter contrast. Only few vertical, thin nanowires are
formed in this stage. Finally, after 30 minutes of growth, thin GaAs nanowires and a thick closed
two-dimensional layer of GaAs are present (Figure 5.1 d).

From our observations, we conclude that the GaAs nanowire formation on Si (111) substrate
is delayed in time. Such growth behavior was first observed and explained in the work of Breuer
and coauthors [118]. Particularly, they report that vertical growth of GaAs nanowires takes place
only after the whole Si surface is covered by Au-assisted GaAs in-plane traces (Figure 5.1 d).
The traces appear due to lower interface energy of Au-Ga droplet on Si (111) substrate (γ ≤ 35
meVÅ−2) compared to Au-Ga droplet on GaAs (111)B substrate (γ ≥ 43 meVÅ−2). Therefore,
the Au-Ga droplet remains in contact with the Si surface in order to minimize the surface energy.
Our results are consistent with those reported by Breuer et al. First, in-plane GaAs traces form,
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Figure 5.1: Evolution of Au-assisted GaAs nanowire growth on Si (111) substrate. SEM images (30° tilt)
of GaAs nanowires before growth (a) and after 30 seconds (b), 3 minutes (c), 30 minutes (d) of growth.
e) Schematic of the growth model proposed in [118]. GaAs is shown in green, Au droplet - in yellow, Si
substrate - in blue.

elongate and enlarge, eventually covering the whole Si surface. Then, vertical GaAs nanowires
appear after 3 minutes of growth.

Interestingly, an increase in the gold droplets diameter can be seen after 30 seconds (Figure
5.1 b). To estimate the magnitude of the change, we measured the droplets diameter for each of
the four samples. Recently deposited Au colloids have 20 ± 2 nanometers diameter. After 30
seconds of GaAs deposition time, two types of gold droplets can be distinguished: relatively small
and motionless droplets on the Si surface and bigger droplets which move in plane, followed by
GaAs traces. The diameter of the droplets is 37 ± 7 and 67 ± 9 nanometers, respectively, and far
exceeds the diameter of the initially deposited nanoparticles. After 3 minutes of growth, however,
the diameter of the Au droplets at the tip of the GaAs nanowires is 20 ± 4 nanometers recovering
its initial value. After 30 minutes of growth, the droplet diameter remains constant at 22 ± 3
nanometers.

To understand the diameter enlargement of the Au droplets after 30 seconds of growth, we first
evaluate the shape of the droplet before and after thermal annealing on the Si substrate (Figure
7.8). When Au droplets are deposited from the colloidal solution they have a spherical shape and
a diameter D. Once the substrate temperature increases to 610 °C under vacuum, however, the
liquid Au droplet alloys with silicon from the substrate (Si atoms diffuse to the liquid droplet,
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while Au atoms diffuse to the Si substrate) and adopts a hemispherical shape with diameter d.
Assuming the volume of the droplet V remains unchanged, the diameter will increase by 21/3 for
the hemisphere liquid droplet. The final diameter of the Au droplet at the growth temperature
before GaAs deposition should be about 25 nanometers.

𝑉 = (4𝜋𝐷3)/3 𝑉 = (4𝜋𝑑3)/6

D

d
annealing

Figure 5.2: Modification of the Au droplet diameter after thermal annealing: the shape changes from
sphere with diameter D to hemisphere with diameter d. Droplet volume V remains unchanged.

Secondly, Ga solubility in the liquid Au droplet must to be taken into account after the growth
begins. It was demonstrated experimentally by high-resolution TEM analysis, that Au droplet
accumulates up to 50% of Ga during growth of Au-assisted GaAs nanowires on GaAs (111)B
substrates [127]. Moreover, according to the Au-Ga phase diagram (Figure 2.2), there exists an
even more Ga-rich Au-Ga phase with 67 atomic % of Ga.

In our experiment, after 30 seconds of growth (which is equivalent to two-dimensional layer
with 2.55 nanometers thickness) the diameter of Au droplets increases by 32% and 63% for the
motionless droplets and the droplets with GaAs traces, respectively. The Si substrate does not
show any sign of additional GaAs islands. We assume that the increase in the droplet diameter
during GaAs deposition occurs due to high Ga accumulation in the liquid Au droplet. It was
experimentally observed [127] that a pure Au droplet has a face centered cubic lattice (aAu =
0.408 nm), while an Au-Ga 50%:50% alloy has an orthorhombic lattice (aAu/Ga = 0.640 nm,
bAu/Ga = 0.627 nm and cAu/Ga = 0.345 nm). The crystal structure change leads to the change
in the volume of a unit cell and in the volume of the droplet finally. Indeed, the unit cell
volume of pure Au is VAu = a3

Au = 0.069 nm3, while the unit cell volume of Au-Ga alloy is
VAu = aAu−Ga × bAu−Ga × cAu−Ga = 0.138 nm3, making the final droplet volume increase by a
factor of two. Taking into account that Au droplet diameter is 25 nanometers before the growth, we
estimate the diameter of Au-Ga 50%-50% droplet to be 33 nanometers. Within the margin of error,
it corresponds to the diameter of motionless droplets (Figure 5.1 b). Since droplets with a GaAs
trace have an even bigger diameter, we speculate that concentration of Ga in the liquid droplet
exceeds 50% at the time of GaAs nucleation at the droplet/trace interface. Indeed, according to
the phase diagram, an Au-Ga-As alloy with 40% of Ga is liquid at growth temperatures above 550
°C. Moreover, the Ga solubility in the liquid alloy is no more limited.
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After 3 minutes of growth, when the entire Si surface is covered by GaAs traces and droplets are
located on top of GaAs, the diameter of Au droplets decreases and equals ∼ 20 nanometers. This
phenomenon can be explained by energetic considerations at the Au/Si and Au/GaAs interfaces.
The interface energy of a Au-Ga droplet on a Si (111) surface is lower than the interface energy of
the same droplet on a GaAs surface [118]. This means that Au-Ga droplet will tend to minimize
its surface contact with GaAs compared to Si. To do so, it can either i) increase contact angle to
wet less the surface and/or ii) expel Ga (decrease Ga concentration) in order to shrink. Based
upon the first assumption, additional TEM analysis has to be performed to measure the contact
angle of the Au droplet on Si after 30 seconds of growth and on GaAs after 3 minutes of growth.
Yet, results reported in the literature indeed demonstrate clear trend for the Au droplet to wet less
the GaAs surface: the contact angle of Au droplet on a Si (111) substrate is found to be ∼ 43°
[128, 118], while on a GaAs (111) substrate the contact angle equals or exceeds 90° [50, 129]. The
second assumption seems to be satisfied for our experiments. However, additional investigation of
samples by energy dispersive x-ray spectroscopy would help to estimate the Ga concentration
after 30 seconds and 3 minutes of growth.

In conclusion, we observed an incubation delay of Au-assisted GaAs nanowires grown on
Si (111) substrates in good agreement with the results reported by Breuer et al [118]. First, few
nanowires were found on the substrate after only 3 minutes of GaAs deposition. After 30 minutes
of growth the number and length of nanowires was increased. The delay in nanowires growth is
due to the formation of horizontal Au-assited GaAs traces. Only after the traces cover the entire Si
surface, nanowires growth begins.

5.3 Influence of the growth temperature
We performed the growth of three samples at different growth temperatures to study thermal
influence on the morphology of GaAs nanowires. We chose the following three temperature points:
550, 590 and 610 °C. The nanowire growth rate as a function of temperature reaches a maximum
and rapidly decreases after that due to adatom desorption at high temperatures [115, 116]. For the
current experiment, taking into account results from Chapter 4, we intentionally chose the upper
temperature of 610 °C to be below the Ga desorption range.

Si substrates were prepared as described in section 5.1. We used fixed Ga and As fluxes
of 0.085 nm s−1 and 6 × 10−6 Torr, respectively. The corresponding Ga flux was found from a
two-dimensional equivalent growth rate on GaAs(001) surface. The corresponding V/III beam
equivalent pressure ratio is 30. We heated the samples to the desired growth temperature with a
ramp of 40 °C min−1. After one minute of stabilization, both the arsenic cracker cell valve and the
gallium shutter were opened simultaneously. We performed the growth of GaAs nanowires in 30
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minutes. After growth, the gallium shutter was closed and the samples were cooled down under
an arsenic flux.

Figure 5.3 shows side view SEM images of nanowires grown at 550, 590 and 610 °C. Essentially
all the nanowires grow perpendicular to the substrate surface. At 550 °C (5.3 a) nanowires exhibit
high variation in length: thick nanowires are short while the thinner ones are significantly longer.
We observed that nanowires are tapered with a large diameter variation along the growth axis.
Raising the growth temperature to 590 °C generally did not improve the nanowire morphology
(5.3 b). These nanowires feature an inhomogeneous distribution in length and tapering along the
growth direction similar to those grown at 550 °C. A significant improvement in the nanowire
morphology is achieved at 610 °C (Figure 5.3 c). The GaAs nanowires grown at this temperature
are thin and homogeneous in diameter along the entire length.

550°C 590°C 610°C(a) (b) (c)

Figure 5.3: Evolution of GaAs nanowire morphology with growth temperature. SEM images (side view,
scale bar 1 µm) of Au-assisted GaAs nanowires grown at (a) 550 °C, (b) 590 °C and (c) 610 °C.

Around 12 nanowires per sample were measured for their length L and diameters at the bottom
db and on the top dt . From these measurements we calculated fluctuations in length δL and
diameter δd and growth rate dL

dt . The results are summarized in Table 5.1.

T, °C <L>, nm δL, % dL
dt , nm/sec db, nm dt , nm δd, %

550 1260 ± 526 42 0.7 ± 0.3 66 ± 15 26 ± 6 60
590 1136 ± 333 29 0.6 ± 0.2 84 ± 35 29 ± 6 65
610 1897 ± 429 23 1.0 ± 0.2 30 ± 6 26 ± 4 13

Table 5.1: Influence of the growth temperature on the morphology of Au-assisted GaAs nanowires on
Si(111) substrates.

The maximum nanowire growth rate is achieved at 610 °C (∼ 1.0 nm s−1). Furthermore, we see
from the Table 5.1 that the nanowires grown at 610 °C feature the smallest fluctuations in length
δL and diameter δd. Increase in growth rate and decrease in tapering with growth temperature
correlates with the results of GaAs/Si nanowire growth (Chapter 4).

We notice that the average growth rate of nanowires is always significantly higher than the
deposition growth rate (0.085 nm s−1) in the chosen interval of growth temperatures. This is
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typical for the diffusion-induced growth mechanism when the nanowire growth is controlled by the
adatom surface diffusion [115]. In addition, we observe that the nanowire length decreases with
the nanowire diameter for all samples what confirms the diffusion-induced nature of the growth.
At the chosen growth temperature window the desorption of Ga from the nanowire sidewalls
can be neglected. This means that the nanowire growth rate is limited only by adatom surface
diffusion: at high growth temperatures the diffusion of Ga adatoms is increased, what promotes
high axial growth.

Given that the best nanowire aspect rato was found at 610 °C, we kept this growth temperature
for further experiments. We then performed a series of studies on the influence of Ga and As
fluxes and the V/III flux ratio on the morphology of nanowires.

5.4 Influence of the As, Ga fluxes and the overall V/III flux
ratio

In this section, we study the influence of both the As and Ga fluxes on the nanowire growth rate
and morphology. For the first set of samples, we kept a constant As flux of 3.5 × 10−6 Torr and
varied Ga flux to obtain V/III beam equivalent pressure ratios of 15, 30 and 50. The corresponding
Ga flux is 2.3 × 10−7, 1.2 × 10−7 and 0.7 × 10−7 Torr, respectively. For the second set of samples,
we fixed Ga flux at 2.0 × 10−7 Torr and varied As flux to obtain the same V/III beam equivalent
pressure ratios of 15, 30 and 50. The growth temperature and growth time for all experiments
were fixed at 610 °C and 30 minutes. The sample grown in the second set of samples at V/III ratio
50 was lost during the annealing step and, thus, is not considered hereafter. Figure 5.4 summarizes
the results.

We now focus on the results obtained for the first set of samples. Figure 5.4 a) shows the
evolution of the nanowires morphology with decreasing Ga flux (increasing V/III ratio). At a V/III
ratio of 15, the nanowires are tapered with a large diameter variation along the growth axis (see
Table 5.2). We measured an average length of 690 ± 60 nanometers. At a V/III ratio of 30, the
tapering is localized along the first half of the nanowire. We find the nanowire total length of 831
± 286 nanometers with large fluctuations. Nanowires with significantly improved morphology
were found for V/III ratio of 50 (the lowest Ga deposition rate). The nanowires length slightly
decreases compared to the lower V/III ratio samples and is found to be of 562 ± 207 nanometers
with large fluctuations. Importantly, for all the samples the growth rate is higher than the nominal
two-dimensional deposition rate, and the nanowire length is increased with decreased nanowire
diameter, indicating the diffusion-induced growth mechanism. This means that the growth rate
of the nanowires depends on the diffusion flux of Ga adatoms. The desorption of Ga adatoms is
negligible at the chosen growth temperatures.
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Figure 5.4: Evolution of the GaAs nanowire morphology versus the As and Ga fluxes. SEM images (side
view, scale bar 200 nm) of nanowires grown at a fixed As flux of 3.5 × 10−6 Torr for different Ga fluxes
(a), and at a fixed Ga flux of 2.0 × 10−7 Torr for different As fluxes (b). The corresponding V/III beam
equivalent pressure ratio is specified on the top of each image. The size of the white arrows indicates the
relative changes in Ga flux.
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V/III ratio Ga flux, Torr <L>, nm dL
dt , nm/sec db, nm dt , nm

15 2.3 × 10−7 690 ± 61 0.38 ± 0.03 118 ± 23 24 ± 4
30 1.2 × 10−7 831 ± 286 0.46 ± 0.16 162 ± 60 22 ± 4
50 0.7 × 10−7 562 ± 207 0.31 ± 0.11 61 ± 10 22 ± 3

Table 5.2: Influence of Ga flux on the morphology of Au-assisted GaAs nanowires on Si(111) substrates.
As flux is fixed at 3.5 × 10−6 Torr for all samples.

V/III ratio As flux, Torr <L>, nm dL
dt , nm/sec db, nm dt , nm

15 3.0 × 10−6 1402 ± 312 0.78 ± 0.17 107 ± 32 22 ± 4
30 6.0 × 10−6 1488 ± 355 0.8 ± 0.2 25 ± 5 25 ± 3

Table 5.3: Influence of As flux on the morphology of Au-assisted GaAs nanowires on Si(111) substrates.
Ga flux is fixed at 2.0 × 10−7 Torr for all samples.

Notice that that the nanowire length does not increase proportionally to the Ga flux (decreasing
V/III ratio): the higher Ga flux has no (or very little) effect on the axial growth rate. On the
other hand, the radial growth around the GaAs stems is increased with increased Ga flux. This
means, that at the chosen growth parameters the axial growth rate is limited by group-V species
and the local V/III flux ratio in the droplet is smaller than unity [130, 131]. Since the As flux is
kept constant, increase in Ga flux (decrease in V/III flux ratio) leads to the radial overgrowth and,
consequently, tapered nanowires are formed.

The second set of samples was grown at a constant Ga flux of 2.0 × 10−7 Torr (∼ 0.085 nm
s−1) and As flux was varied instead. Figure 5.4 b) along with Table 5.3 summarizes the results.
Essentially, all the nanowires feature longer segments in comparison with the first set of samples.
Nanowires grown at a lower As flux (V/III ratio of 15) still feature a noticeable tapering with
large diameter variation along the nanowire axis. Doubling the As flux to obtain V/III ratio of 30
resulted in long thin nanowires with an homogeneous diameter throughout the entire length. We
find a short tapered base at the bottom of nanowires.

We notice that the nanowire length is increased with increased As flux (increased V/III flux
ratio). This observation confirms that the axial growth rate is group-V dependent. At lower As flux
(V/III=15) the nanowires feature visible tapering, while at higher As flux (V/III=30) only a small
tapered base close to the substrate surface is found. It has been well documented, that the diffusion
length of Ga adatoms depends on the V/III overall pressure ratio [132] and is decreased at high As
fluxes. The decreased diffusion length of Ga adatoms from the substrate to the nanowire sidewalls
leads to a small tapered base, which we observe for the V/III ratio of 30.

Based on our experimental findings, we conclude that the axial growth rate is group-V limited
and is increased with increased As flux. Higher Ga flux at a constant As flux has almost no
influence on the nanowire growth rate but provokes radial overgrowth instead. To grow thin, long
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and homogeneous in diameter nanowires high V/III ratios and a moderate Ga flux are required.

5.5 Structural characterization of GaAs nanowires
Figure 5.5 shows TEM images of Au-assisted GaAs nanowires grown at a V/III ratio of 15 from
Figure 5.4 b. We find that the major part of the nanowire has wurtzite crystal structure but exhibits
a high density of stacking faults. The distribution of stacking faults is not homogeneous along
the nanowire axis. Moreover, the number of stacking faults varies from nanowire to nanowire.
The nanowires have tapered tips with a catalyst droplet diameter being smaller than the nanowire
diameter. The nanowire diameter dNW , the droplet diameter dAu and the length of tapering h
analyzed from TEM images are summarized in Table 5.2. In addition, taking into account the
length of the tapered segment and the cooling rate (40 °C min−1), we calculated the growth rate of
the tapered segment dLt

dt .
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Figure 5.5: Bright-field TEM images of typical Au-assisted GaAs nanowires grown at a Ga flux of
2.0 × 10−7 Torr, a V/III flux ratio of 15 and a growth temperature of 610 °C. Many stacking faults are
visible along the growth axis. The diameter of the nanowire dNW , the diameter of the Au droplet dAu and
the length of the tapered section h are indicated.

At a higher V/III flux ratio of 30 (Figure 5.6), the nanowires grow with a pure wurtzite crystal
phase, as observed on the selected area diffraction pattern. The nanowires have less than four
stacking faults per micrometer. We observe a slight tapering at the tips of the nanowires, similar to
the nanowires grown at low V/III ratio. The crystal structure switches from wurtzite to zinc blende
in the tapered section right below the gold droplet. The average values of nanowire diameter dNW ,
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droplet diameter dAu, the length of tapering h and the growth rate dLt

dt of the tapered segment are
shown in Table 5.4.

Sample dNW , nm dAu, nm h, nm dLt

dt , nm min−1

V/III = 15 37 ± 10 19 ± 3 14 ± 3 2.7 ± 0.57
V/III = 30 23 ± 3 19 ± 3 6 ± 2 1.14 ± 0.38

Table 5.4: Influence of the V/III flux ratio on the constriction of nanowire tips.

Interestingly, we notice that nanowires grown at the V/III ratio of 15 have larger diameters
than the ones at the V/III ratio of 30. Moreover, while nanowires from both samples exhibit
characteristic narrowing in diameter right below the catalyst droplet (Figure 5.5 and 5.6), the
length of this narrow segment varies (see Table 5.4). We find, that this segment is approximately
two times shorter for nanowires grown at a higher V/III flux ratio. The origin of this tapered
segment is related to the growth termination procedure. It is well documented, that nanowires
cooled under As flux while Ga flux is switched off feature a so-called "cooling neck" [133, 127].
The neck is formed by precipitation of Ga accumulated during growth in the catalyst droplet
and usually features a zinc blende crystal phase due to decreased supersaturation. The nanowire
growth is possible owing to the ambient As which is supplied during the cooling step, yet the
growth is group-III limited. The higher the concentration of available Ga in the catalyst droplet,
the faster the GaAs segment is formed below the droplet. We find that the cooling neck at V/III
flux ratio of 30 is formed at the growth rate of 1.14 ± 0.38 nm min−1, which is 2.4 times slower
than at the lower V/III flux ratio of 15. This observation confirms that at a V/III flux ratio of 15,
the catalyst droplet contains more Ga compared to the droplet at a V/III flux ratio of 30. A similar
trend was reported in the work of Zhang and coworkers for Au-assisted InAs nanowires grown
with MBE [134].

We now try to understand why the purity of the crystal structure is significantly improved
at higher V/III flux ratio (higher As flux). One possible explanation is that the wurtzite crystal
structure requires a high group-V supersaturation at the particle as suggested by Glas [50]. On the
other hand, we saw in Chapter 2 that the catalyst droplet geometry (more precisely - its contact
angle) is responsible for the crystal structure phase selection in III-V nanowires. The catalyst
contact angle is, in turn, dependent on the V/III flux ratio. For molecular beam epitaxy growth,
low V/III flux ratios assist formation of Ga-rich catalyst droplets with large contact angles and
zinc blende nanowires. Conversely, at high V/III flux ratios the catalyst droplet has a moderate
size with a decreased contact angle compared to those with low V/III ratios: wurtzite nanowires
are favorable in this case (see, for example, [135]). A decrease in the V/III flux ratio from 30 to 15
increases the droplet size and contact angle and provokes the formation of thicker nanowires with
stacking faults.
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Figure 5.6: a) Bright-field TEM images (scale bar 10 nm) of an individual Au-assisted GaAs nanowire
grown at a Ga flux of 2.0 × 10−7 Torr, a V/III flux ratio of 30 and a growth temperature of 610 °C. The wire
has a wurtzite crystal structure as shown on the electron diffraction pattern (b) with four stacking faults per
entire length (marked by the yellow arrows). The region directly below the gold particle features a ‘cooling
neck’ with a zinc blende crystal phase.
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5.6 Conclusions
In this chapter, we investigated the nucleation process of Au-assisted GaAs nanowires on Si (111)
substrates. We observed that the nucleation is delayed and first nanowires are grown only after 3
minutes of GaAs deposition. Before that time, in-plane GaAs traces form, grow horizontally and
eventually cover the entire substrate surface.

Moreover, we studied the influence of the growth parameters on the GaAs nanowire morphology
and crystal structure. We found that GaAs nanowires grow for all chosen substrate temperatures
(550, 590 and 610 °C). Yet, nanowires feature the smallest fluctuations in height and diameter
and grow with the highest growth rate at 610 °C. An increase in Ga flux at a constant As flux has
little effect on the axial growth rate but provokes radial overgrowth. In contrast, increasing As
flux at a constant Ga flux, we observed an increase in the nanowire growth rate. This observation
confirmed that the nanowire growth is group-V determined. In general, we established that high
V/III flux ratios are necessary to obtain GaAs nanowires with uniform diameters and minimized
tapering. Moreover, a high V/III ratio significantly suppresses the formation of stacking faults in
wurtzite Au-GaAs nanowires grown on Si (111) substrates.
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Chapter 6

Growth of InAs-on-GaAs nanowire
heterostructures

The present chapter is devoted to the step by step optimization of the growth parameters to achieve
high crystalline quality, straight InAs-on-GaAs nanowire heterostructures. We already know from
Chapter 2, that growth of nanowire heterostructures is challenging. Problems such as kinking in one
of the two interface directions, graded and asymmetric interfaces and parasitic radial overgrowth
arise during particle-assisted axial nanowire growth. Moreover, crystalline quality at the interface
is strongly affected by strain caused by the lattice mismatch, which imposes severe conditions
on the choice of the nanowire diameter. In theory, dislocations free InAs/GaAs interfaces (7%
lattice mismatch) can be produced in nanowires with diameters below 40 nanometers. Yet, only
few articles have reported the growth of InAs-on-GaAs axial nanowire heterostructures, reflecting
how challenging it is.

Straight nanowire segments are observed when GaAs is grown on top of an InAs stem. The
reverse case is found to be energetically unfavorable: InAs kinks when grown on top of a GaAs
stem. The first growth of GaAs-on-InAs nanowire heterostructures was achieved already in 1996
by Hiruma and his colleagues [136]. The authors used a MOCVD reactor to synthesize nanowires.
The growth was catalyzed by Au droplets prepared on InAs substrates. However, the nanowires
exhibited a poor crystalline quality at the interface due to the presence of misfit dislocations despite
an interface of 20 nanometers in diameter. Other examples of straight GaAs-on-InAs nanowires
can be found in the works of Paladugu and coworkers [72, 73] as well as Dick and coauthors
[71, 60]. All authors observe that growth in the reverse direction (InAs-on-GaAs), however, is
difficult and that the InAs segments kink or wrap around the GaAs stems due to a higher interface
energy between Au and InAs than between Au and GaAs.

One way to prevent kinking at the GaAs/InAs interface is to use graded InGaAs buffer layers
between GaAs and InAs [84, 137]. However, the method severely limits the use of such structures
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since sharply defined thin barriers or ultra-thin quantum dots cannot be realized in this case.
Another interesting way to avoid kinking was demonstrated by Scarpellini and his colleagues
[82]. They performed MBE growth of self-assisted InAs-on-GaAs nanowires. Liquid Ga droplets
assisted the growth of the GaAs nanowires, while solid In droplets assisted the growth of the InAs
segments. Such method, furthermore, helped to avoid interface grading and parasitic radial growth
of InAs around GaAs. However, a network of misfit dislocations was observed at the interface
between the segments. It remains unclear whether the formation of thin nanowires (and therefore
dislocation-free interfaces) is possible with this technique.

Messing and coauthors demonstrated that the probability of kinked InAs segments can be
decreased down to 40% if the diameter of the nanowires increases to 100 nanometers and if the
nanowires grow in the wurtzite crystal structure [74]. Nanowire heterostructures were grown in a
MOCVD reactor on GaAs(111)B substrates. Diameters of 100 nanometers are yet undesirable
in heterostructures with ∼7% lattice mismatch due to a higher probability of forming misfit
dislocations at the interface. A different approach on the growth of straight InAs-on-GaAs
nanowires was proposed recently by Zannier and her colleagues [75]. The nanowires were grown
in a chemical beam epitaxy reactor on GaAs(111) B substrates. The authors showed that the
yield of straight InAs segments on top of the GaAs stems increases significantly at high III-to-Au
ratios. They pre-deposited In before the growth of GaAs nanowires. This led to an increase of
the Ga solubility in the Au droplet from 33% to 45% and to an increase of the vertical yield of
InAs-on-GaAs nanowires. Unfortunately, the crystalline quality of the interfaces was not studied
and there is no available information on whether the misfit dislocations are formed at the interface
in this case.

In this chapter we successfully grew straight Au-assisted InAs-on-GaAs nanowire heterostruc-
tures on Si (111) substrates by MBE. First, we developed a two-step growth procedure to enhance
the yield of vertical InAs-on-GaAs nanowires. In addition, we investigated the influence of the
growth temperature on the yield of vertical InAs segments. We then optimized the nanowire mor-
phology and the crystal structure purity using different In fluxes. We investigated the composition
of the interface by energy dispersive x-ray spectroscopy (EDX) and the nanowire crystal structure
by transmission electron microscopy (TEM). Finally, we propose different strategies to control the
chemical composition of the InAs segment.

EDX measurements presented in Figures 6.6, 6.7, 6.15 and 6.16 were performed by Eric Robin
at CEA. I took high resolution TEM measurements at NEEL institute. High resolution HAADF
STEMmeasurements were done by Martien den Hertog at CEA and by Marcel Verheijen at Philips
Research Eindhoven.
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6.1 Optimization of the growth protocol
All samples discussed hereinafter were prepared in the same way as described in chapter 5.1. We
used 20 nanometers gold colloids and the GaAs segments were grown in the wurtzite crystal
structure. To do so, we used Ga and As fluxes of 0.085 nm s−1 and 6× 10−6 Torr, respectively. The
growth temperature was set to 610 °C. More details about the growth of wurtzite GaAs nanowires
can be found in Chapter 5.

The growth temperature of InAs nanowires by MBE is significantly lower than that of GaAs
nanowires. Moreover, the growth temperature window is much narrower. Tchernycheva and
coauthors established experimentally, that MBE InAs nanowires grow only at temperatures between
380 °C and 430 °C with a maximum growth rate at 410 °C [138]. Similar results can be found in
the work by Martelli et al [139]. Interestingly, the growth temperature of InAs segments grown on
top of GaAs stems is usually higher. For example, Messing and her colleagues carried out the
growth of InAs segments at 500 °C [74]. Growth temperatures as high as 530 °C were used in the
work of Zannier et al [75].

The most straightforward way to grow of semiconductor segments at different temperatures is to
use a growth interruption while changing the temperature. Indeed, growth interruptions are known
to improve the abruptness of nanowire heterointerfaces [25, 81] and are widely implemented for
different semiconductor combinations (see, for example, ref. [71]). Therefore, we interrupted
the growth of GaAs during the cooling procedure between the GaAs segment grown at high
temperature (610 °C) and the InAs grown at lower temperature (540 °C). The interruption took
place by closing the gallium shutter and maintaining the arsenic flux (pink stage in Figure 6.1 a).
We set a growth time of 25 minutes for GaAs, a cooling down process of 5 minutes plus 2 minutes
of temperature stabilization. The growth time for the InAs part was 25 minutes, resulting in a
total growth time of 57 minutes. We fixed the In and As fluxes to 0.05 nm s−1 and 8.4 × 10−7

Torr, respectively. The In flux corresponds to two-dimensional equivalent growth rate on an
InAs(001) surface. The corresponding V/III beam equivalent pressure ratio is 7. The results of
InAs-on-GaAs nanowires are shown in Figure 6.1.

We find that approximately 40% of all InAs segments grow kinked with respect to the GaAs
nanowire stem. Moreover, the InAs segments have a significantly larger diameter as compared to
the GaAs stems (Figure 6.1 b,c). On average, the diameter of the GaAs, InAs segments and Au
droplets are 19 ± 2 nm, 55 ± 12 nm and 22 ± 5 nm respectively. Within the margin of error, the
diameter of GaAs nanowires and Au droplets corresponds to the initial size of the deposited Au
colloids. The GaAs nanowires diameter is homogeneous along the entire growth axis reveling
no or a very limited shell overgrowth (Figure 6.1 c). The diameter of the InAs segments is
homogeneous as well. Yet, it exceeds significantly the diameter of the GaAs stems and the one of
the Au droplets. A high density of stacking faults can be seen in the InAs segment (Figure 6.2).
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Figure 6.1: a) Scheme of the InAs-on-GaAs nanowire growth sequence with an intermediate cooling down
step under As flux only. b) SEM image (30° tilt) of InAs-on-GaAs nanowires corresponding to the growth
sequence. c) Magnified SEM image (30° tilt) of a single InAs-on-GaAs nanowire from image (b).
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Figure 6.2: Bright-field TEM image of a kinked InAs-on-GaAs nanowire from the sample shown in Figure
6.1 (b). The nanowire kinks at the InAs/GaAs interface. The InAs segment presents randomly distributed
stacking faults along the entire growth axis. The arrows indicate the positions where the diameters of GaAs,
InAs and Au where measured.
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One possible hypothesis for the InAs segment kinking is as follows. During the cooling
step under As (pink stage on Figure 6.1 a), Ga is purged from the droplet and forms a GaAs
nanowire section (see the cooling neck appearance for GaAs nanowires cooled under As in Chapter
5.5). Since the Ga source is switched off, the concentration of Ga atoms in the liquid droplet
decreases, resulting in the supersaturation decrease in the Au droplet. This favors the formation of
a zinc blende GaAs section with truncated facets at the droplet/nanowire interface. The facets,
moreover, increase in size with the supersaturation decrease in the droplet. InAs growth starts,
when we open the In shutter. A large amount of In dissolves into the depleted droplet both from
direct impingement and from adatom surface diffusion to the nanowire tip. Such abrupt volume
expansion destabilizes the droplet. It has a high probability to slide on the truncated facets, leading
to the growth of a kinked InAs segment. Therefore, a special precaution should be taken during
the cooling procedure in order to keep the Au droplets stable.
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Figure 6.3: a) Scheme of the InAs-on-GaAs nanowire growth sequence with an intermediate cooling step
under continuous growth of GaAs. b) SEM image (30° tilt) of InAs-on-GaAs nanowires corresponding to
the growth sequence. c) Magnified SEM image (30° tilt) of a single InAs-on-GaAs nanowire from image
(b).

We developed an optimized growth protocol, where the Ga flux is switched off after the cooling
procedure and only for 2 minutes (see Figure 6.3 a). We grow the GaAs nanowires during 25
minutes at 610 °C and extend the growth for 5 minutes while cooling down to 540 °C compared
to the previously discussed case. We use fixed In and As fluxes of 0.126 nm s−1 and 6.0 × 10−6

Torr, respectively. The corresponding V/III beam equivalent pressure ratio is 20. Essentially, all
InAs segments grow straight on top of the GaAs stems (Figure 6.3 b,c). Only 8% of nanowires
do not exhibit InAs segment at all or have a kinked geometry. We observe that the diameter of
the structure evolves along the growth axis: the GaAs nanowire segments have a bottle-shaped
morphology, where the basis of each nanowire has a larger diameter than the tip (Figure 6.3 c). It
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is an indication of GaAs and/or InAs radial overgrowth. The diameter of the InAs segments is
homogeneous along the entire growth axis.

We now discuss what is the mechanism resulting in the formation of straight InAs segments.
During the cooling step under Ga and As, the droplet is constantly fed with Ga. This leads to a
stable level of supersaturation in the liquid droplet. The GaAs nanowires keep growing in the
wurtzite crystal structure, forming planar droplet/nanowire interface as opposed to the zinc blende
crystal structure with truncated facets. We believe that InAs nucleates from a mechanically stable
Au droplet on a flat top facet, favoring straight growth.

Discussion
It is difficult to deduce whether the concentration of Ga (group-III) in the liquid droplet or the
crystal structure itself (and thus a flat top facets at the liquid/solid interface) is responsible for the
droplet stability. A clear dependence of the crystal structure of InAs segments on the growth of
straight InAs-on-GaAs nanowires was demonstrated in the work of Messing and coworkers [74].
Only InAs with a wurtzite phase led to straight InAs-on-GaAs heterostructures. In the present
thesis, straight InAs segments have a wurtzite crystal structure containing stacking faults. We
collected information about the crystal structure of InAs and GaAs segments from the recent
literature on the growth of Au-assisted InAs-on-GaAs axial nanowire heterostructures (see Table
6.1). Remarkably, a straight morphology of InAs-on-GaAs nanowires is always accompanied by
the presence of the wurtzite crystal structure for InAs segments.

NW heterostructure InAs
morpho-
logy

GaAs crys-
tal structure

InAs crystal
structure

InAs-GaAs-InAs [136] straight zinc blende wurtzite
InAs-on-GaAs [71] kinked ? ?
InAs-on-GaAs [72, 73] kinked zinc blende zinc blende
InAs-on-GaAs [74] straight

kinked
straight
kinked

zinc blende
zinc blende
wurtzite
wurtzite

wurtzite
zinc blende
wurtzite
zinc blende

InAs-on-GaAs [75] straight wurtzite wurtzite
InAs-on-GaAs [36] straight wurtzite wurtzite

Table 6.1: A summary of works on InAs-on-GaAs nanowires morphology versus the crystal structure of
the segments. Question marks correspond to the case where the crystal structure is unknown.

On the other hand, Zannier et al. [75] considered solely the geometry of the droplet. High
group III concentrations in the liquid droplet and thus large contact angles (larger than 107°,
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Figure 6.4: Graph of sin β − cos β (or the droplet contact angle β) as a function of group III-to-Au ratio.
Adapted from [75]. The red straight line represents the ratio of InAs over In surface energies and separates
areas of straight (above) and kinked (below) growth of InAs-on-GaAs axial nanowires. Straight growth of
InAs segments on top of GaAs is possible when the droplet contact angle is above 107°. Th experimental
points correspond to different nanowire samples, namely InAs-GaAs-InAs (blue circles), GaAs-InAs with
In pre-deposition (pink triangle), GaAs-InAs without In pre-deposition (green triangle).

see Figure 6.4) contribute to a higher droplet stability at the nanowire tip and thus facilitate the
formation of straight nanowire heterostructures. The authors pre-deposited In before the growth
of their GaAs nanowires, which led to an increase of the Ga solubility in the Au droplet from 33%
to 45% and to an increase of the vertical yield of InAs-on-GaAs nanowires. To explain the results,
the authors used the Nebol’shin-Shchetinin model, which considers the nanoparticles stability
at the nanowire tip. Straight growth occurs if γsv

γlv
< sin β - cos β, where γsv is the solid-vapor

surface energy of the nanowire sidewalls (γInAs for the experiment), γlv is the liquid-vapor surface
energy of the catalyst droplet at the nanowire tip (γIn considering a gold droplet with a high
concentration of In) and β is the contact angle of the droplet. The model is plotted in Figure 6.4.
The experimental results of the authors (points in the Figure) come in great agreement with the
model.

Here, we aim at linking both interpretations, i.e the droplet geometry and the crystal structure.
Interestingly, we notice, that the experimental points attributed to the straight growth correspond
to contact angles limited to 127° (Figure 6.4.). Such angles are known to promote the formation
of the wurtzite crystal phase in Au-assisted nanowires (see, for example, [40]). Yet, experimental
data for nanowires having an Au droplet with an angle greater than 127° are missing. Such angles
correspond to the presence/formation of the zinc blende crystal structure. We propose to grow
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nanowires with large droplet contact angles (more than 130°). Such contact angles correspond to
the zinc blende crystal phase and a high group III-to-V ratio at the same time. This experiment
would clarify whether the crystal phase and/or the droplet angle are responsible for the formation
of straight InAs-on-GaAs nanowires.

6.2 Influence of the growth temperature on the yield of
vertical InAs segments

We now study the influence of the growth temperature on the yield of vertical InAs segments.
Two set of samples were prepared using the same growth protocol as depicted in Figure 6.3. For
the first set of samples (four samples) we use the following material fluxes: 0.126 nm s−1 for In
and 6.0 × 10−6 Torr for As. The corresponding V/III beam equivalent pressure ratio is 30. We
varied the growth temperature between 420 °C and 540 °C by steps of 40 °C. For the second set of
samples (four samples) we decreased the In flux to obtain an equivalent growth rate of 0.05 nm
s−1, while keeping the As flux constant (6.0 × 10−6 Torr). The resulting V/III beam equivalent
pressure ratio is 50. For the second set of samples the growth temperatures are 510 °C, 540 °C,
570 °C and 610 °C.

Low growth temperatures
The SEM observations of samples grown at 420 °C and 460 °C reveal no axial InAs growth on top
of GaAs stems. Nanowires grown at 420 °C are significantly tapered (Figure 6.5) with diameters
of 130 ± 24 nm and 21 ± 9 nm at the basis and at the top, respectively. The droplet at the nanowires
top is usually smaller than 20 nanometers, reaching a minimum of 12 nanometers. Moreover, we
find that some of the nanowires do not preserve their Au droplets at at the tips. Such nanowires
are slightly shorter than the other nanowires.

Strong tapering can be explained by the reduction of Ga diffusion during the cooling growth
step from 610 °C to 420 °C. The Ga adatoms contribute to radial growth instead of diffusing to the
nanowire tip. Therefore, the Ga concentration in the liquid droplet decreases continuously with the
temperature leading to the decrease in the droplet volume: nanowires grow tapered (Figure 6.3 a).
Similar tapering phenomenon has been explained in the work of Harmand et al. for Au-assisted
GaAs nanowires [127]. The authors state that the diminution of the nanowire diameter is a direct
consequence of the Ga depletion from the catalyst droplet at the nanowire tip. Once the substrate
temperature reaches 420 °C we open the In flux. The incoming In atoms diffuse along the GaAs
side walls. Yet, due to a large and most likely a rough GaAs shell formed around the GaAs stems
during the cooling growth step, the In adatoms have a high chance to be trapped on the nanowire
sidewalls, forming an InAs shell. The final nanowires thus have a core/shell geometry. Post growth
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Figure 6.5: InAs-on-GaAs nanowire heterostructures grown at 420 °C. a) SEM image (side view) of a
typical nanowire. b) SEM image of an individual nanowire and its EDX elemental maps. It is clearly visible
that an InGaAs shell surrounds the GaAs segment. c) Bright-field TEM image of an individual nanowire.
The arrow indicates a misfit dislocation formed in the shell due to strain. d) Schematic of the nanowire
from (a) with the curvature. The growth of an heterogeneous shell results in residual compressive strain on
the thinner shell side. The strain at the thicker shell side is released by network of misfit dislocations (black
intersections).

energy-dispersive x-ray spectroscopy (EDX) analysis confirms this growth behavior (Figure 6.5 b).
We observe that the InAs shell (In in green) covers the GaAs core (Ga in red). We find moreover
that some catalyst droplets are not preserved at the nanowires tips at low growth temperatures. A
similar phenomenon was reported for Au-assisted GaAs nanowires grown in the temperature range
between 340 °C and 420 °C by Tchernycheva and coworkers [114]. They establish experimentally
that the Au-Ga droplet can be both in a liquid and a solid state in this temperature window, leading
to an unstable droplet. Such a droplet can easily fall from the top of the nanowire.

We notice that some GaAs/InAs core/shell nanowires curve along their length (Figure 6.5
a). As the lattice mismatch between GaAs and InAs materials is 7%, we suspect that the InAs
shell heavily strains the GaAs core. According to Raychaudhuri et al. [64], the critical diameter
of the GaAs core lays below 10 nanometers to grow a dislocations-free interfaces in core/shell

89



Chapter 6 : Growth of InAs-on-GaAs nanowire heterostructures

GaAs/InAs nanowires. Our GaAs nanowires exceed 20 nanometers, therefore, it is energetically
favorable to form misfit dislocations. TEM analysis reveal the presence of heavy strain at the
nanowire sidewalls (Figure 6.5 c), similar to the work reported for InAs/GaAs core/shell nanowires,
in which the presence of misfit dislocations was confirmed using HRTEM [140]. In this work,
the authors observed the curvature of nanowires which is the result of a non symmetric shell
growth around the core. The side where thick shell is formed (thickness about 30 nanometers) is
fully plastically relaxed via the formation of misfit dislocations. On the contrary, on the thinner
shell side (about 10 nanometers thickness) the relaxation happens both plastically and elastically,
leading to the bending of the nanowire. In conclusion, one potential explanation for the bending
of our GaAs/InAs nanowires is the formation of an inhomogeneous InAs shell around the GaAs
core at low growth temperatures (Figure 6.5 d). We explain the inhomogeneous shell formation by
the shadowing of the In flux.
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Figure 6.6: InAs-on-GaAs nanowire heterostructures grown at 460 °C. a) SEM image (side view) of the
nanowires. b) Close-up SEM image (side view) of an individual nanowire. The position of the gold droplet
is indicated by an arrow. c) An overlay image of Ga, In, As and Au EDX elemental maps revealing the
position of the gold droplet and the InGaAs shell.

Nanowires grown at 460 °C (Figure 6.6 a) exhibit a slight inverse tapering. We find no
catalyst droplets at the tips. Figure 6.6 b shows the Au droplet on the sidewall of the nanowires.
Post growth EDX analysis confirms that the Au droplets do not preserve at the nanowire tips.
Moreover, InGaAs regions around the GaAs stems are visible on the overlay of EDX elemental
maps. Interestingly, these InGaAs regions always "start" from the tip and "end" at the gold droplet
(Figure 6.7). We suppose that the Au droplet catalyzes the growth of these regions: InGaAs
segment wraps around the tip of the GaAs stem and continues to grow in the opposite direction.
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A similar geometry was found in other works related to the growth of energetically unfavorable
Au-assisted axial nanowire heterostructures (see, for example, [71, 72]) and is usually referred
to as "kinked morphology". Zannier et al. observed similar growth behavior for InAs-on-GaAs
nanowire heterostructures for low group III concentration in the Au droplet [75]. We cannot
evaluate the actual gold droplet composition during growth to confirm their hypothesis. First of
all, the droplet diameter is small (only 20 nm) and the droplet is located on the nanowire sidewall
leading to a weak EDX signal coming from the droplet combined with the background signal.
Finally, after the growth is terminated and the sample is cooled down under As flux, a certain
amount of group III material is purged out of the droplet, modifying the initial composition of the
droplet.
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Figure 6.7: Additional EDX data for InAs-on-GaAs nanowire heterostructures grown at 460 °C. An overlay
image of Ga, In, As and Au EDX elemental maps revealing the position of the gold droplet and the InGaAs
regions.

High growth temperatures
Above 570 °C, we observe InAs segments grown on top of the GaAs nanowires, in contrast to the
samples grown at low temperatures. However, the segments kink at given angles to the nanowire
growth direction. Figure 6.8 shows a sample grown at a constant growth temperature of 610 °C.
We observe that GaAs stems feature a significant diameter variation along the growth axis. It is
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an indication of InAs radial overgrowth. Indeed, GaAs nanowires grown at 610 °C are thin and
homogeneous in diameter (see Chapter 5), which means that the diameter evolution happens only
once the In source is supplied. Top-view SEM images (Figure 6.8 b) reveal a systematic kinking
along one of the six available in hexagonal wurtzite GaAs stems directions. A similar kinking
distribution was recently reported for wurtzite InP nanoflags [141].

(a)
(b)

(c)

1 μm

200 nm

Figure 6.8: InAs-on-GaAs nanowires grown at 610 °C. a) SEM image (30° tilt) of the nanowires. b) SEM
images (top view, scale bar 200 nm) of the kinked nanowires. The nanowires kink along one of the six GaAs
nanowire directions (directions indicated by arrows in the upper right corner). c) Schematic representation
of six wurtzite side facets and corners along the [0002] growth direction.

We notice that kinked InAs-on-GaAs nanowires grown at high temperatures (≥ 570 °C) have a
similar morphology to those grown with non-optimized growth protocol, where nanowires kink
due to a drop in supersaturation (Figure 6.1). According to experimental findings reported by
Hertenberger and coworkers [142] for self-assisted InAs nanowires grown in MBE, the desorption
rate of In stays approximately constant between 480 °C and 540 °C temperatures and increases by
a factor of two at temperatures above 540 °C. The growth parameters used for InAs nanowires
(namely, In and As fluxes) overlap with the ones used in the current manuscript. Due to a high
desorption rate, less In enters the liquid droplet, resulting in the supersaturation decrease. As
discussed earlier, such decrease favors long truncated edges at the solid/liquid interface. The
droplets become unstable and the nanowires have a higher probability to kink.

Optimum growth temperature: 540 °C
When InAs grows at 540 °C, we find that essentially all InAs segments grow straight on top of
GaAs stems regardless of the In flux (Figure 6.9). At this optimum temperature, In adatoms
surface diffusion to the liquid droplet is enhanced compared to the low growth temperatures.
Moreover, the desorption of In is still negligible at 540 °C [142]. Therefore, the supersaturation
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of Au remains high during the whole growth sequence, resulting in the formation of a planar
droplet/nanowire interface and, consequently a stable position of the droplet at the nanowire tip.

While straight growth of InAs-on-GaAs nanowires was achieved for both low and high In
fluxes, we note significant difference in nanowire morphology (see Figure 6.9 c,d). At high In
flux, GaAs stems exhibit significant diameter variation along the growth axis. On the contrary,
at low In flux, nanowires are thin and exhibit a homogeneous diameter. We perform a detailed
investigation of the samples morphology in the following section.
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Figure 6.9: InAs-on-GaAs nanowires grown at low and high In fluxes at 540 °C. SEM images (30° tilt) of
the nanowires grown at (a) high (0.126 nm s−1) and (b) low (0.05 nm s−1) In fluxes. c) Close-up view of
the nanowires from (a); d) close-up view of the nanowires from (b). Note that parasitic 2D growth on the
substrate is 380 nanometers for high In flux and 330 nanometers for low In flux: it is the reason why the
GaAs segment looks longer in (d) than in (c).

6.3 Influence of the In flux on the nanowires morphology and
InAs-GaAs interface composition

Nanowire morphology
We now examine by TEM the morphology of the nanowires grown at 540 °C for two different In
fluxes (6.10). Table 6.2 summarizes the morphological parameters of the nanowires grown at low
and high In fluxes: the diameter dInAs and the length lInAs of the InAs segment, the diameter at
the interface di (the thinnest part of the nanowire), the shell thickness around the GaAs segment
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Figure 6.10: Morphology of InAs-on-GaAs nanowires grown at 540 °C for two different In fluxes observed
by TEM. Bright-field TEM image of a typical InAs-on-GaAs nanowire grown at a high In flux (0.126 nm
s−1) (a) and at a low In flux (0.05 nm s−1) (b). The interface is indicated by a dashed black arrow. The
length of the GaAs neck is denoted by a white arrow. The insets (c) and (d) are the dark field TEM close-up
views of the nanowire tips.The droplet height h, the nanowire diameter d and the droplet contact angle β are
indicated on the images.

dsh (the thickest part minus the GaAs core), the length of the GaAs neck ln, the axial Vax and the
radial Vr InAs growth rates. Moreover, we also measured the aspect ratio of the gold droplets h/d
(height divided by the InAs nanowire diameter) and the droplet contact angle β.

In
flux,
nm/s

dInAs,
nm

di,
nm

dsh,
nm

lInAs,
nm

ln, nm Vax , nm/s Vr , nm/s h/d β, °

0.126 28±5 22±2 12±6 423±85 113±5 0.47±0.09 0.013±0.007 0.6±0.004 95±4
0.05 37±9 30±8 4±2 70±51 94±16 0.05±0.03 0.003±0.0013 0.57±0.05 105±16

Table 6.2: Morphological parameters of the InAs-on-GaAs nanowires grown at 540 °C. The dsh was
deterimed using EDX, the h/d was determined by TEM.

As already observed by SEM in Figure 6.9 c), a high In flux of 0.126 nm s−1 leads to a
bottle-shape nanowire morphology. The InAs segments grow on top of GaAs with an axial
growth rate of 0.47 ± 0.09 nm s−1. The axial growth rate is 4 times larger than the equivalent
two-dimensional growth rate. This is a signature of a diffusion-induced growth mechanism. An
InAs shell surrounds the bottom of the GaAs segment. This shell has a lateral growth rate of
0.013 ± 0.007 nm s−1 (10% of the two-dimensional growth rate). All nanowires feature a thin
neck before the interface. We measure a length of the neck segment of 113 ± 5 nanometers.
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Figure 6.11: Crystal structure of InAs-on-GaAs nanowires grown at 540 °C for two different In fluxes. (a)
Bright-field TEM image of a typical InAs-on-GaAs nanowire grown at high In flux of 0.126 nm s−1. (b)
Bright-field TEM image of a typical InAs-on-GaAs nanowire grown at low In flux of 0.05 nm s−1.

This neck is formed during the cooling step when Ga and As fluxes are still supplied during 5
minutes. According to Chapter 5, we estimate that the growth rate of GaAs nanowires at 540 °C is
approximately 0.4 nm s−1. Then the 113 nanometers segment will be grown in 4.7 minutes which
corresponds to the cooling time.

By decreasing the In flux down to 0.05 nm s−1 under a constant As flux (thus increasing the
V/III flux ratio from 20 to 50), we observe that the nanowire diameter along the entire growth axis
is more uniform. However, we notice an increase in the fluctuation of the InAs segment length
compared to segments grown with a high In flux. The axial growth rate is 0.05 ± 0.03 nm s−1 (the
same as two-dimensional growth rate). We find a thin shell, surrounding the bottom of the wire,
which is formed at a radial growth rate of 0.003 ± 0.0013 nm s−1 (17% of the two-dimensional
growth rate). All nanowires feature a GaAs cooling neck (Figure 6.10 b).

Finally, we observed by TEM that the InAs segments grown at high In flux exhibit a high
density of stacking faults and the crystal phase switches along the entire growth axis (Figure 6.11
a). At low In flux, the density of stacking faults decreases noticeably (Figure 6.11 b). A lower In
flux and consequently higher V/III flux ratio improved the crystalline quality of InAs segments, as
observed for GaAs nanowires in Chapter (5), where pure wurtzite GaAs nanowires were achieved
with high V/III flux ratio.
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The local V/III flux ratio affects the liquid droplet geometry and the contact angle during
nanowire growth [40] and is responsible for the crystal structure selection. The lower the local
V/III flux ratio, the larger the liquid droplet. Therefore, there is a higher probability that the
liquid/solid interface has a truncated facet, provoking the zinc blende crystal switch. This leads
to the formation of stacking faults in the wurtzite crystal sequence that arises naturally in III-As
nanowires grown by Au-assisted vapor-liquid-solid mechanism. For example, Plante and La Pierre
observed that the density of stacking faults in wurtzite Au-assisted GaAs nanowires is decreased
when the Ga flux is decreased from 0.28 to 0.07 nm s−1 at a constant As flux[130]. Moreover,
radial growth is suppressed at the lowest Ga flux. Our results are thus in agreement with the
experimental findings reported in [130].

InAs-GaAs interface composition
Here we study the chemical composition of the nanowires grown at low and high In fluxes. We
performed EDX measurements along and across the nanowire axis. We use In L-lines, Ga K-lines,
As K-lines and Au L-lines for the quantification analysis.

Figure 6.12 shows the EDX results for a typical InAs-on-GaAs nanowire grown at a low In
flux. On the axial EDX line profile we clearly see three zones (Figure 6.12 b): the long bottom
segment is pure GaAs, the upper segment with a larger diameter is InAs and the droplet is Au.
Surprisingly, we find that the composition of the nominal InAs segment is an InxGa1−xAs ternary
alloy with x varying from 0.9 at the GaAs interface to 0.8 near the top. A pure 5 nanometers InAs
segment is visible below the Au catalyst. The post-growth droplet contains 70% of Au and 30%
of In. No detectable Ga is found in the droplet. We measure a GaAs/In0.85Ga0.15As interface
length of 20 nanometers. The interface sharpness ranges between 15 and 30 nanometers for this
sample, depending on the studied nanowire. The EDX line profiles taken perpendicular to the
growth axis of the same InAs-on-GaAs nanowire are presented in Figures 6.12 c and d. We find
that the In0.85Ga0.15As segment is surrounded by a thin Ga-rich InxGa1−xO shell (Figure 6.12 c).
The GaAs stem features a few nanometers thick In0.05Ga0.95As shell, which is covered by gallium
oxide (Figure 6.12 d).

We then performed EDX on nanowires grown at a higher In flux (Figure 6.13). From the
axial EDX line profile 6.13 b, we determine an interface of 10 nanometers for the presented
nanowire, which is significantly sharper than the interface of nanowires grown at low In flux.
Yet, the nanowire seems bended and the interface length may thus be potentially overestimated.
EDX measurements performed on additional nanowires from the same sample revealed that the
interface sharpness reaches 5-8 nanometers. We find similar compositions of the nanowire as
for the low In flux: the upper nominal InAs segment contains Ga and hence is an InxGa1−xAs
ternary alloy. The concentration of In reaches 95% right after the GaAs interface, and decreases
down to 80% at the nanowire top. Similarly to the sample grown at low In flux, we observe a
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pure InAs segment before the Au droplet on several nanowires (yet the segment is not present for
the nanowire in Figure 6.13). A Ga-rich InxGa1−xO shell is visible on the EDX line profile taken
across the InGaAs segment (6.13 c). The thin In0.05Ga0.95As shell, surrounding the GaAs stems
(Figure 6.13 d) is covered with indium oxide but not with Ga oxide as it was for the low In flux
sample. It is a signature of an In-rich layer below the oxide. Interestingly, we do not find a pure
InAs shell around the GaAs segments neither for low nor for high In fluxes.

In conclusion, the interface length is significantly reduced at higher In flux. It even approaches
the values of the interface length obtained for self-catalyzed InAs-on-GaAs nanowires [82]. We
suppose that the introduction of In in the gold droplet leads to the rapid decrease of the Ga
solubility in the droplet. An increase in the In incorporation rate in the droplet leads to faster
depletion of Ga, and thus to a sharper interface. However, a question remains: why the expected
InAs segment is in fact an InGaAs ternary alloy?

6.4 Study on anomalous formation of a ternary InxGa1−xAs
segment

Here, we discuss why the expected pure InAs segment is an InGaAs ternary alloy. We propose
possible strategies to realize a pure InAs segment.

As we see in Figures 6.12 c and 6.13, the InGaAs segment has a constant composition in the
radial direction, confirming that Ga adatoms are incorporated into the volume via the catalyst
droplet. Moreover, we observe that the amount of Ga increases along the growth axis: the longer
the InGaAs segment the higher the Ga concentration at the top. This means that there is a source of
Ga in the system regardless of the growth time (within the 25 minutes during which the In shutter
is open). We speculate that the possible sources of Ga in our experiment are: i) the presence of
residual Ga adatoms on the substrate surface and the nanowire sidewalls; ii) Ga accumulated in
the catalyst droplet during the growth of GaAs segments; iii) thermally created Ga atoms from the
GaAs nanowire sidewalls; iv) thermally created Ga atoms from the two-dimensional GaAs on the
Si substrate. We examine below these four possibilities.

i) residual Ga adatoms on the substrate surface and the nanowire sidewalls:

As the lifetime of Ga adatoms before incorporation or adsorption is in the order of several tens
of milliseconds [143], this possible Ga source dries up immediately after switching off the Ga flux.

ii) Ga accumulated in the catalyst droplet:

The amount of Ga in the droplet is proportional to the droplet volume ∝ R3 (where R is the
droplet radius) and hence is limited in time. By considering that the Ga atoms incorporate into the
nanowire via the droplet/nanowire interface (∝ R2), we find a transitional InGaAs region of 10-20
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Figure 6.12: Determination of the chemical composition of an InAs-on-GaAs nanowire grown at a low In
flux (0.05 nm s−1) on Si. (a) HAADF-STEM image (scale bar 30 nm) of the nanowire. EDX line profile of
In and Au composition along the growth axis (b). EDX line profiles of In and As across the InAs nanowire
segment (c) and across the GaAs stem (d).
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Figure 6.13: Determination of the chemical composition of an InAs-on-GaAs nanowire grown at a high In
flux (0.126 nm s−1) on Si. (a) HAADF-STEM image (scale bar 60 nm) of the nanowire. EDX line profile of
In and Au composition along the growth axis (b). EDX line profiles of In and As across the InAs nanowire
segment (c) and across the GaAs stem (d).
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nanometers, affected by the residual Ga atoms stored in the liquid droplet, which corresponds to
the interface length (Figure 6.12 b and 6.13 b).

This means that the Ga present in the InAs segment after the interface originates probably
from thermally created Ga atoms, which are formed either on the GaAs nanowire sidewalls (iii)
and/or on the substrate surface (iv) and diffuse toward the nanowire tip. Under our experimental
conditions (T=540° C and 6.0× 10−6 Torr aresenic flux) the diffusion length of Ga and In adatoms
is on the order of several micrometers [132] and exceeds the length of the nanowires (∼1.5 µm).

iii) Ga source from the nanowire sidewalls:

Generally, low-dimensional systems have lower cohesive energy per atom pair compared to
bulk materials due to an increased surface-to-volume ratio. In other words, it is more energetically
favorable to create an isolated atom out of a nanowire surface than out of the two-dimensional layer
by breaking all the bonds [144]. After having analyzed HRSTEM images of our nanowires, we
notice that both the GaAs and InAs-on-GaAs nanowire sidewalls feature similar geometry and are
always from the same {−2110} family. We do not find any visible damage at the InAs-on-GaAs
nanowire sidewalls. Yet, a damaged GaAs nanowire surface can efficiently trap In adatoms during
InAs segment growth in order to minimize its surface energy. In this case the nanowire sidewalls
will remain visibly smooth with the formation of an InGaAs shell (and not a pure InAs shell). This
would explain, why the shell formed around the GaAs segments is an In0.05Ga0.95As ternary alloy
(Figure 6.13 d).

iv) Ga source from the two-dimensional GaAs layer:

We now suppose, that the population of Ga atoms is formed on the substrate surface out of the
two-dimensional GaAs layer. In order to verify this idea, we grew an additional InAs-on-GaAs
nanowire sample on GaAs (111)B instead of Si (111). We kept the same growth parameters as for
the sample with low In flux. As shown in Figure 6.14 , EDX analysis revealed that the amount of
Ga incorporated into the InAs segment is higher when growing on GaAs rather than on Si. We
find a ternary InxGa1−xAs alloy with x varying from 0.8 at the GaAs interface to 0.6 near the
top. The Ga concentration in the InAs segment is almost twice as high as in the InGaAs segment
grown on the Si substrate (Figure 6.13). A pure 5 nanometers InAs region before the gold droplet
is visible once again.

Gonzalez and coworkers reported on the incorporation of Ga atoms from GaAs substrates into
nominally pure Au-assisted InAs nanowires grown by MBE [145, 146]. The authors state that
Ga is supplied from the first monolayers of the GaAs substrate. The Ga adatoms migrate toward
the liquid droplet and incorporate into the nanowire via the liquid/solid interface. Depending on
the growth parameters, the Ga content in their nominally pure InAs nanowires reaches values
between 3% and 19%. Yet, the Ga composition along the nanowire axis remains constant. We
notice, however, that the concentration of Ga in our nominally pure InAs segments is not constant
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Figure 6.14: Investigation of the chemical composition of a typical InAs-on-GaAs nanowire grown with a
low In flux of 0.05 nm s−1 on GaAs (111)B substrate. (a) HAADF-STEM image of the nanowire. (b) EDX
line profile of In composition along the growth axis of the nanowire from image (a).

and increases toward the nanowire tip. This is a signature of a more complex process happening
during the growth of our nanowires.

To explain the Ga increase, we propose that both the iii) and the iv) source supply Ga. As
already discussed, the iii) source damages the nanowire sidewalls, creating traps for In adatoms.
The longer the growth time, the rougher the nanowire sidewalls and the more In adatoms are
trapped at their surfaces. This leads to a reduced In incorporation and hence increased Ga
proportion along the InAs nanowire segment.

Strategies to realize a pure InAs segment:

Given the importance of growing In(Ga)As quantum dots with a precise composition, we now
investigate how to control/decrease the Ga concentration in the nominally pure InAs segments.
We know from Chapter 5, that the Ga diffusion length decreases at low growth temperatures and
high As fluxes. We first investigate how the increase in As flux will influence the Ga concentration.
For this, we kept all growth parameters identical to the sample with high In flux (In flux of 0.126
nm s−1) but increased the As flux from 6.0 × 10−6 Torr to 1.0 × 10−5 Torr. The EDX line scan,
taken along the nanowire axis (Figure 6.15), reveals that the InAs segment is still an InxGa1−xAs
ternary alloy. Nevertheless, the Ga content is notably decreased compared to the lower As flux
(Figure 6.13 b) and does not exceed 10%.

To completely eliminate Ga in the InGaAs segment, Ga diffusion from the substrate and the
nanowire surfaces should be restrained. One way to do so is to decrease the growth temperature.
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m
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Figure 6.15: Investigation of the chemical composition of a typical InAs-on-GaAs nanowire grown with a
high In flux of 0.126 nm s−1 and a high As flux of 1.0× 10−5 Torr on Si (111) substrate. (a) HAADF-STEM
image of the nanowire. (b) EDX line profile of In and Au composition along the growth axis of the nanowire
from image (a).

Indeed, we observe systematically a pure InAs segment right below the catalyst droplet with
a length of few nanometers (Figure 6.12 d). This segment is formed at the end of the growth
procedure, when the temperature decreases from 540 °C to 400 °C under As flux (see Figure
6.12). At low growth temperatures (below 530 °C) the diffusivity of Ga adatoms is very low, and
there is no Ga migration toward the Au droplet [41]. Therefore, only In remains in the liquid
droplet, which is purged out of it, forming a pure InAs segment. However, even though the pure
InAs segment is found at low growth temperatures, we cannot grow InAs-on-GaAs nanowires
at temperatures below 540 °C as the yield of straight InAs segments decreases dramatically in
this temperature range (see Figure 6.18). We thus search another solution to achieve a pure InAs
segment.

Another way to avoid Ga in InGaAs is to completely suppress adatoms diffusion. It is possible
by growing InAs using the adsorption-induced growth mechanism, where only direct impingement
of the supplied material contributes to the nanowire formation (2). The adsorption-induced growth
mechanism takes place when the nanowire diameter exceeds a critical value. The critical diameter
for the adsorption-induced growth mechanism generally increases for the same material system,
when the supersaturation of the gaseous phase is increased [41]. For example, Plante and LaPierre
observed that for Au-assisted GaAs nanowires grown by MBE, the critical diameter above which
the adsorption-induced mechanism begins to dominate over the diffusion-induced mechanism, is
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in the range of 100-180 nanometers.

We studied an InAs-on-GaAs nanowire sample grown with intentionally increased diameters
to verify if the nanowire length increases with the nanowire diameter (L(d) dependence, which is
characteristic to nanowires grown via the adsorption-induced growth mechanism, see Chapter 2).
We used 50 nanometers Au colloids. As the gold colloids can coalesce some nanowires can have a
diameter larger than the gold droplet catalyst. The growth parameters were set as 0.05 nm s−1 and
3.0 × 10−6 Torr for In and As fluxes, respectively. After growth, we dispersed nanowires on a
carbon grid and used SEM to measure the InAs segment length L and the nanowire diameter d
at the droplet/nanowire interface. The results are presented in Figure 6.16 a. We observe that
the InAs nanowire length increases with diameter, in the range between 60 and 200 nanometers
diameter, consistent with the theory for adsorbtion-induced growth mechanism. Yet, several data
points do not follow the L(d) dependence and are most probably related to a measurements error.
Indeed, the length is measured on SEM images of nanowires, which are randomly dispersed on a
grid. The nanowires axis is not necessarily oriented in a direction perpendicular to the electron
beam, and the error on the InAs length measurements can increase significantly depending on the
angle between the nanowire axis and the electron beam.

(a) (b)

(c)

Figure 6.16: InAs-on-GaAs nanowires grown with 50 nanometers gold colloids at low In flux of 0.05 nm
s−1. (a) InAs segment length as a function of the nanowire droplet diameter. Each data point represents a
measurement taken from a single nanowire. (b) HAADF-STEM image (scale bar 500 nm) of a typical
InAs-on-GaAs nanowire. (c) EDX line profile of In composition along the growth axis of the nanowire
from image (b).

We then performed an EDX analysis of the nanowires along the growth axis. The composition
profile (Figure 6.16 c) revealed that the InGaAs segment contains less than 5 % of Ga, which is
4 times less than for 20 nm diameter nanowire grown on a Si substrate with higher V/III ratio
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Si substrate, 30 nm
GaAs substrate, 20 nm
Si substrate, 160 nm

Figure 6.17: Summary on the Ga molar fraction in nominally pure InAs segments vs the As flux for
different diameters (diameter at the Au/InAs interface is indicated) and substrates.

(Figure 6.12). Finally, the use of large diameter nanowires brought to light that the only use of the
adsorption-induced growth mechanism can prevent Ga diffusion from the substrate.

By a set of experiments, we established that Ga found in the nominally pure InAs segment,
is most likely formed due to the diffusion of Ga adatoms thermally created on the substrate
and on the nanowire sidewalls. We defined several strategies to improve the purity of the InAs
segment: a) high As flux; b) Si substrate; c) large diameters. By increasing the As flux, the Ga
concentration in the InGaAs segment decreases from 25 % to 15 % (blue square points, Figure
6.17). The use of a Si (111) substrate instead of a GaAs (111)B, reduces the amount of Ga in the
InGaAs by a factor of 2 (black square, Figure 6.17). The Ga concentration in the InGaAs segment
becomes negligible (less than 5 %) for nanowires with large diameters (red triangle, Figure 6.17)
owing to the transition from the diffusion-induced to the adsorption-induced growth mechanism.
Unfortunately, an increase in the nanowire diameter can cause deterioration of the crystal quality
of the GaAs/InAs interfaces as we will see in the following Chapter 7.

6.5 Conclusions
In conclusion, we demonstrated the successful growth of Au-assisted straight InAs-on-GaAs
nanowire heterostructures on Si by MBE with a yield up of 92%. We found out that the key
ingredient to obtain straight InAs on GaAs segments is to keep the Au droplet stable. To this end,
we proposed a two-step growth procedure enabling to maintain a high supersaturation in the Au
catalyst during the group III element interchange.
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Figure 6.18: Yield of straight InAs-on-GaAs nanowires plotted as a function of InAs growth temperature
with In fluxes of 3.0 × 10−7 Torr (0.126 nm s−1) and 1.2 × 10−7 Torr (0.05 nm s−1).

We investigated the influence of the InAs growth temperature on the yield of vertical InAs
segments (Figure 6.18). We find that at 540 °C, the yield of straight nanowire heterostructures
reaches its maximum regardless of the In flux. Low growth temperatures below 500 °C led to the
formation of a thick and irregular shell around the GaAs nanowires with no axial InAs growth.
On the contrary, axial InAs segments form at growth temperatures above 570 °C. However, the
segments kink.

We evaluated the influence of the In flux on the interface sharpness. We observed that the
samples grown with higher In flux feature sharp interfaces with a length down to 5 nanometers. Yet,
high In flux led to an increase in the density of staking faults in the InAs segment. Through accurate
study of the chemical composition across the GaAs segments, we found that In0.05Ga0.95 As shell
is formed around GaAs segments for both In fluxes.

Our study surprisingly revealed, that nominally pure InAs segments contain a high concentration
of Ga. Moreover, the Ga concentration is not constant along the growth axis and increases toward
the nanowire tip. Through detailed analysis of potential Ga sources, we concluded that Ga is
most likely supplied from the diffusion of thermally created Ga atoms, formed on the GaAs
nanowire sidewalls and on the two-dimensional GaAs layer grown on Si substrates. We found
that increasing the As beam flux contributes to reduce the Ga concentration in the InxGa1−xAs
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segments. We proposed a strategy to completely eliminate the influence of Ga diffusion from the
substrate surface and the nanowire sidewalls based on the only use of adsorbtion-induced growth
mechanism. Experimentally, we observe that InAs-on-GaAs nanowires with large diameters
between 60 and 200 nanometers are almost free of Ga in the InGaAs segment (less than 5%) even
at low As flux, owing to the suppression of the diffusion-induced growth mechanism.
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Chapter 7

Strain distribution in axial InAs-on-GaAs
nanowire heterostructures

As we already discussed in Chapter 2, strained and defect-free heterointerfaces are much easier to
obtain in nanowires than in planar thin films owing to the nanowires geometry. For a given lattice
mismatch there is a critical diameter below which infinitely long nanowires with dislocations free
interfaces can be grown. Yet, strain affects the band structure of the nanowire heterostructure and
thus its electronic and optical properties. In this regard, it is important to understand how the
strain distributes in the vicinity of the interface in axial nanowire heterostructures.

The characterization techniques, which allow to evaluate strain in nanowires can be divided
into two groups. The first group measures the average strain in nanowires as, for example,
photoluminescence (PL) [147] or x-ray diffraction [148, 149]. The second group allows to directly
access the strain distribution in an individual nanowire with atomic resolution. It is based on
high resolution transmission electron microscopy (HRTEM) imaging and is widely used to study
strain effects in nanowire heterostructures. One way to quantitatively extract the strain field from
HRTEM images is to use a Geometrical Phase Analysis (GPA) [93], a technique based on a Fourier
space algorithm (see Chapter 3).

Taraci and his colleagues were the first ones to map strain in an individual Ge nanowire
grown on a Si (111) substrate using HRTEM and GPA [150]. They observed that strain fields
were present not only in the vicinity of the substrate/nanowire heterointerface but also along the
nanowire sidewalls. The latter strain was unintentionally induced during TEM sample preparation.
A year later, Larsson et al. reported strained and dislocations free atomically sharp interfaces
in axial InAs/InP nanowire heterostructures [59]. The authors performed strain measurements
of the nanowire heterointerfaces using HRTEM. The results were compared with finite element
simulations of the same heterostructure and showed good agreement with it. Importantly, GPA
strain mapping allows to visualize missing atomic planes such as misfit dislocations at the nanowire

107



Chapter 7 : Strain distribution in axial InxGa1−xAs-on-GaAs nanowire heterostructures

heterointerfaces. Frigeri et al. [68] studied the strain distribution along axial GaAs/InAs nanowire
heterostructures with diameters exceeding the critical diameter for misfit dislocations formation.
It was found that at the nanowire heterointerfaces the GaAs segment features additional planes of
atoms in comparison with the upper InAs segment. The average distance between the extra-half
planes increases from the center of the interface to the nanowire sidewalls. This is an indication
that the strain is not only relaxed plastically via the formation of dislocations but is also relaxed
elastically via lateral expansion of the nanowire. As for today, a large number of works has
been published on the determination of strain by HRTEM and GPA in axial [66, 67, 151] and
radial nanowire heterostructures [152] and nanowire superlattices [153, 154]. Yet, nanowire
heterostructures considered in those works feature sharp compositional interfaces in the range
of 1.5-5 nanometers, which is very different from our InAs-on-GaAs nanowires with graded
interfaces in the range of 5-90 nanometers.

In this chapter, we investigate the strain distribution in our InxGa1−xAs-on-GaAs (x varying
between 0.6 and 1.0) nanowire heterostructures. We study nanowires with different interface
sharpnesses and with diameters below and above the theoretical critical diameter for the formation
of misfit dislocations [14]. We combine HRSTEM with GPA and the resulting data are compared
with theoretical simulations performed using the finite element method. The simulations have
been performed by Petr Stepanov at NEEL institute.

7.1 Nanowires with diameters below the critical diameter

Crystalline quality
Crystal structure:

Dislocations free GaAs/InAs nanowire heterointerfaces, whith a lattice mismatch of 7%, are
expected for nanowire diameters below 40 nanometers [14] (see Chapter 2). We first investigated
the interfaces of nanowires grown with 20 nanometers gold colloids (Table 7.1). Nine nanowires
were analyzed from three different samples (namely: NW256, NW483 and NW348). Figure 7.1 a)
shows a high angle annular dark filed scanning TEM (HAADF STEM) image and an EDX line
scan along the nanowire obtained from nanowire X3 (sample NW348). The nanowire features
two segments: the lower is composed of GaAs and the upper one is the nominally pure InAs
segment (Figure 7.1 a). Yet we saw in Chapter 6 that the upper segment is in fact composed of an
In0.8Ga0.2As ternary alloy (Figure 7.1 a). Moreover, note that the bottom segment of the nanowire
features a thin InGaAs shell, whose origin has been discussed in the previous Chapter 6. The
high resolution HAADF STEM image of the nanowire interface (Figure 7.1 b) reveals that both
segments have a wurtzite crystal structure as further confirmed by FFT (Figure 7.1 c). In Figure
7.1 b we can also see a small zinc blende region right at the interface (due to its small fraction it is
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Figure 7.1: Crystal structure of an InAs-on-GaAs nanowire from sample NW348 (NW X3). (a) Dark-field
TEM image of the InAs-on-GaAs nanowire taken along the [2 1 1 0] viewing direction and EDX composition
profile measured along the nanowire growth axis. The position of the interface is indicated with the arrow.
(b) High resolution HAADF-STEM image of the nanowire interface shown in (a). Two insets present
magnified HAADF-STEM images of the GaAs (bottom) and In0.8Ga0.2As (top) crystal structure. Ga, In
and As columns positions are marked by red, blue and yellow, respectively. Most of the wire has a wurtzite
crystal structure as confirmed by Fast Fourier Transform (c).

not observed in the Fourier transform). In order to determine the polarity of the nanowire, we used
magnified HAADF STEM images (insets in Figure 7.1 b) to access the atomic contrast between
group III (Ga or In) and V (As) columns arranged in dumbbell pairs. The heavier the element the
brighter the contrast in the HAADF STEM image. We determined that in both segments the As
column is always facing the tip of the nanowire in a dumbbell pair whereas In and Ga always face
the bottom. This indicates that the nanowire growth direction is As polar or [0 0 0 2] [155].

We calculated the in-plane (a = 4.212 Å) and out-of-plane (c = 7.0 Å) lattice constants of
In0.8Ga0.2As. They are larger than those of GaAs (a = 3.9845 Å, c = 6.52 Å). Therefore, two sets
of patterns are present on the FFT image (Figure 7.1 c): the inner pattern belongs to In0.8Ga0.2As
and the external one to GaAs.

Interface quality

The visual inspection of the high-resolution HAADF STEM image (Figure 7.1 b) did not
reveal any misfit dislocations at the interface between the GaAs and In0.8Ga0.2As segments. The
nanowire has a diameter of 22 nanometers at the interface which is far below the critical diameter
for plastic relaxation of GaAs/InAs interfaces. Identical TEM analysis was performed on all the
nanowires presented in Table 7.1 with interface diameters di between 21 and 45.8 nanometers.
We did not observe any misfit dislocations in good agreement with the theoretical work by F.
Glas [14]. Interestingly, the crystal phase switches from wurtzite to zinc blende in the transition
region between GaAs and In0.8Ga0.2As for all the investigated nanowire heterostructures. The
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Sample Substrate dAu, nm In rate, nm s−1 V/III
ra-
tio

NW di,
nm

interface
sharp-
ness,
nm

MF
dislo-
cations

NW256 Si 20 0.05 50 1
2
3
4
7

31.5
23
23.4
45.8
21

25
24
19
26

no
no
no
no
no

NW483 Si 20 0.126 30 11
12

24.7
25

5
10.5

no
no

NW348 GaAs (111)B 20 0.05 50 X2
X3

26
22

10
14

no
no

NW498 Si 50 0.05 25 1
3
6

96.2
110
168.5

80
-
90

yes
yes
yes

Table 7.1: Database of the nanowire samples studied in this chapter. MF is an abbreviation of misfit.

length of the zinc blende segment reaches values between 1.6 and 9.8 nanometers. The segment
appears once In is introduced in the system. A possible explanation of its origin is given below.
We observe that the nanowire becomes thicker after the interface. We attribute it to an increase in
the size of the catalyst droplet due to uptake of In [156, 67]. The change in volume and contact
angles, as we saw in Chapter 2, can be responsible for the crystal structure change.

Nanowire facets:

Generally, a nanowire cross section is hexagonal and the six facets are oriented normal to the
growth direction. Yet their crystallographic orientation is has to be determined. We now study
the crystal orientation of the nanowire sidewalls using HAADF STEM images along [2 1 1 0]
(Figure 7.2 a) and [0 1 1 0] (Figure 7.2 e) viewing directions. To this end, we perform intensity
line scans across the In0.8Ga0.2As and GaAs segments. The intensity is directly related to the
nanowire thickness and thus allows to scan the profile of the nanowire sidewalls along the beam
direction. Figure 7.2 a) is an HAADF STEM image taken along the

〈
2 1 1 0

〉
zone axis. The

intensity profiles taken across the In0.8Ga0.2As (Figure 7.2 b) and GaAs (Figure 7.2 c) have a
similar shape and feature a flat central region. This is a signature that the nanowire heterostructure
is terminated by

{
2 1 1 0

}
facets (Figure 7.2 d). When the nanowire is rotated by 30° and viewed

along the
〈
0 1 1 0

〉
zone axis (Figure 7.2 e), the profiles from both segments (Figure 7.2 f,g) exhibit

maximum intensity in the central region, which corresponds to the facets edge (Figure 7.2 h). This
observation confirms that the orientation of the nanowire side facets is

{
2 1 1 0

}
.
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Figure 7.2: Nanowire facets orientation (nanowire X3 from sample NW348). HAADF STEM images
of the InAs-on-GaAs nanowire taken along the [2 1 1 0] (a) and [0 1 1 0] (e) viewing directions. Signal
intensity across In0.8Ga0.2As (b) and GaAs (c) obtained from (a). Signal intensity across In0.8Ga0.2As (f)
and GaAs (g) obtained from (e). The line profiles are averaged over a width of 9 nanometers. d),h) Scheme
of the nanowire orientation with respect to the electron beam.
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The most common orientation of the nanowire side facets in wurtzite nanowires is
{
1 0 1 0

}
[59, 157, 158]. On the other hand, Plante and LaPierre [159, 130] observed that the facet
orientation of Au-assisted GaAs nanowires grown by MBE changes from

{
1 0 1 0

}
to

{
2 1 1 0

}
when the nanowires undergo significant radial growth. The authors showed that the nanowire tip
is free of radial shell and features

{
1 0 1 0

}
side facets, while the nanowire bottom is ciovered by a

thick radial shell and features
{
2 1 1 0

}
facets. They authors were able to control the orientation of

nanowire facets by varying the Ga flux, with V/III flux ratio ranging between 1.1 and 4.6. Similar
results were later published by Czaban et al. for core-shell GaAs/AlGaAs nanowires grown by
MBE [160]. Interestingly, Li et al. [131] reported contradictory results for Au-assisted GaAs
nanowires grown by MBE. Their nanowires grown at high As fluxes (>5.0 × 10−6 Torr) feature{
2 1 1 0

}
facets regardless of the Ga flux and radial growth. The authors used much higher V/III

flux ratios (30-300) than Plante and LaPierre. Their observations suggest that the orientation
of the nanowire side facets depends mainly on the As flux. In the current manuscript, all GaAs
nanowires and InAs-on-GaAs nanowire heterostructures exhibit

{
2 1 1 0

}
side facets. Since our

growth conditions (As flux and V/III flux ratio) are similar to the ones used in [131], we conclude
that high As fluxes may promote the

{
2 1 1 0

}
nanowire side facets.

From the results of HAADF-STEM image analysis, which revealed a complete absence of
misfit dislocations, we conclude that a large strain exists at the interface between GaAs and
In0.8Ga0.2As segments. In the following, we perform strain mapping using GPA to investigate the
strain distribution in the nanowire heterostructure.

Strain mapping
We mapped the strain distribution at the nanowire heterointerface between the GaAs and
In0.8Ga0.2As segments of nanowire X3 (sanple NW348), using GPA applied to the HAADF-STEM
images (Figure 7.3). In GPA, strain is calculated using a reference region without crystalline defects
and with undistorted lattice parameters. We chose here a GaAs region away from the interface.
In the GaAs section, the GPA strain, noted E, corresponds to the conventional mechanical strain
ε. However, E is different from ε in the InGaAs segment. Far from the interface, E still have a
non-zero value, due to the difference of lattice parameters between GaAs and In0.8Ga0.2As (6%).

Figure 7.3 a) shows the HAADF-STEM image of the nanowire heterointerface taken along the
[2 1 1 0] viewing direction. We use the (0002) Bragg peak as indicated in the FFT image (inset
Figure 7.3 a) to plot the two-dimensional field of the out-of-plane component of strain E⊥ (Figure
7.3 b). The blue color at the bottom of the image corresponds to unstrained GaAs (E⊥=0). The
orange color at the top corresponds to unstrained In0.8Ga0.2As, yet shifted by 6% compared to
the GaAs reference. The region on both sides of the interface has different colors due to the
presence of strain. The interface border is sharp and curved. The size of the strained region is
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7.1 Nanowires with diameters below the critical diameter

not homogeneous across the interface and is significantly larger at the center of the nanowire.
We observe a tendency toward compressive strain on the GaAs side of the interface and toward
tensile strain on the In0.8Ga0.2As side of the interface only along the nanowire sidewalls. As
discussed later, quantitative analysis requires a knowledge of the interface composition profile.
Importantly, the strain distribution in the interface region does not present any sign of discontinuity:
this indicates the absence of misfit dislocations. In order to visualize the elastic deformation of
crystalline planes caused by the lattice mismatch, we plot the numerical Moiré pattern (Figure 7.3
c). The Moiré pattern is obtained from the phase image of Figure 7.3 a) using Fourier filtering of
(0002) Bragg peak, which corresponds to the group of c-planes. The Moiré image acts as a lens
magnifying the lattice spacing and allows to see deformations in the crystal. We observe that the
crystalline planes bend in the vicinity of the interface close to the side walls. Yet, no extra planes
are inserted indicating fully elastic relaxation of the mismatch strain.

The nanowire features both wurtzite and zinc blende segments. In order to access in-plane
component of strain E‖ , we rotated the nanowire by 30° around its growth axis and took the
HAADF-STEM image along the [0 1 1 0] viewing direction (Figure 7.3 d). The (2110) Bragg
peak from FFT (inset in Figure 7.3 d) was filtered to plot the E‖ strain field (Figure 7.3 e). On the
image 7.3 e) blue and the red correspond to unstrained GaAs and In0.8Ga0.2As, respectively. We
see green flames at the interface. The Moiré pattern, obtained from the phase image of Figure 7.3
d) by Fourier filtering of the (2110) Bragg peak corresponds to the group of a-planes (Figure 7.3
f). We find that a-planes deform significantly in the vicinity of the interface close to the side walls
and that no misfit dislocations are present at the interface similar to the c-planes.

Now we discuss why strain builds at the interface between GaAs and In0.8Ga0.2As and how
it accommodates there. The in-plane lattice constant a of In0.8Ga0.2As is ∼ 6% larger than that
of GaAs, however layers form an interface without misfit dislocations. This leads to a large
in-plane strain in the vicinity of the interface: the GaAs layer is stretched and the In0.8Ga0.2As
layer is compressed across the nanowire. The in-plane lattice distance (Figure 7.3 f) slowly but
continuously increases when moving from GaAs to In0.8Ga0.2As. The continuous change in
the lattice spacing is possible owing to free nanowire sidewalls where planes bend in order to
accommodate the lattice mismatch. Far from the interface, lattice planes become parallel to each
other and recover the spacing that is characteristic of unstrained GaAs (below the interface) and of
unstrained In0.8Ga0.2As (above the interface).

Close to the interface, the out-of-plane lattice constant c is modified due to the Poisson effect,
which tends to limit the variation of the unit cell volume. We find that the c-planes bend at the
GaAs/InGaAs interface (Figure 7.3 c). Importantly, the spacing between c-planes across the
nanowire becomes inhomogeneous and decreases close to the nanowire sidewalls on the GaAs side
and increases toward the nanowire sidewalls on the In0.8Ga0.2As side. This causes compressive
and tensile regions along the nanowire sidewalls observed in Figure 7.3 b.
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Figure 7.3: Strain and deformation in nanowire X3 (sample NW348). a) HAADF STEM image of the
InAs-on-GaAs nanowire taken along the [2 1 1 0] viewing direction. The inset shows the corresponding
Fast Fourier Transform (FFT). The (0002) Bragg peak is used to extract E⊥ (b). c) Numerical Moiré pattern
obtained from the phase image of (a) after Fourier filtering of the (0002) Bragg peak. d) HAADF STEM
image of the InAs-on-GaAs nanowire taken along the [0 1 1 0] viewing direction and its FFT on the inset.
The (2110) Bragg peak is used to extract E‖ (e). f) Numerical Moiré pattern obtained from the phase image
of (d) after Fourier filtering of the (2110) Bragg peak.
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7.1 Nanowires with diameters below the critical diameter

Comparison with numerical simulations
In order to better understand our experimental findings, we perform numerical simulations of the
strain distribution in a nanowire heterostructure using the finite element method. We consider
a cylindrical InxGa1−xAs-on-GaAs nanowire heterostructure with a wurtzite crystal structure
(Figure 7.4 a). The nanowire axis is z=[0002]. The nanowire diameter is set to 20 nanometers and
corresponds to that of the nanowire interface in Figure 7.4 b. The length of the GaAs section is
200 nanometers, the length of the InAs section is 60 nanometers. We impose that the nanowire
sidewalls and its upper surface are free from any forces and let the nanowire to deform elastically.
We assume that the nanowire interface is free from dislocations owing to its small cross section
[14]. To determine the lattice mismatch between the segments, we take into account that the In
composition varies over a distance of about 15 nanometers along the growth direction (Figure
7.4 c). We thus interpolate the EDX line profile with an error function, which is then used to
determine the lattice parameter of the InxGa1−xAs segment, assuming Vegard’s low. Finally, we
compute the resulting strain fields relative to the GaAs lattice parameter to be consistent with the
GPA experimental data.

50 nm(b)

(c)

InxGa1-xAsGaAs

InxGa1-xAs

GaAs

interface

(a)

x y

z

[0002]

Figure 7.4: Geometry and composition of the nanowire designed for numerical simulations. a) Simulated
cylindrical InxGa1−xAs-on-GaAs nanowire heterostructure which mimics the nanowire interface from
image (b). b) HAADF STEM image of the InAs-on-GaAs nanowire taken along the [2 1 1 0] viewing
direction (nanowire X3, sample NW348). c) EDX line profile of the In composition along the growth axis
of the nanowire from image (b). The red curve is the interpolation used in the simulations.

Both components of the simulated strain field, E⊥ (Figure 7.5 a) and E‖ (Figure 7.5 b) are in
good agreement with the experimental results (Figure 7.3 b,e).
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Figure 7.5: Strain maps from the simulated nanowire in Figure 7.4. a) Out-of-plane strain component E⊥.
b) In-plane strain component E‖ .

In the simulated E⊥ map, the blue and the orange segment represent unstrained GaAs (0%)
and unstrained In0.8Ga0.2As (6% as relative to the GaAs), respectively. The color gradient at the
interface corresponds to the strained region. Along the axis of the nanowire, E⊥ remains positive
and increases when moving from GaAs to In0.8Ga0.2As. On the nanowire sidewalls in the vicinity
of the interface however, E⊥ changes sign from negative on the GaAs side to positive on the
In0.8Ga0.2As side. This strain behavior is in good agreement with the GPA analysis (Figure 7.3 b).

In the simulated E‖ map, the violet color corresponds to the unstrained GaAs layer and the
red color to the unstrained In0.8Ga0.2As layer. The strained region in the vicinity of the interface
shows good agreement with the green flames observed in the GPA map (Figure 7.3 e).

To quantitatively compare the experimental and simulated results, we extract line profiles of
E⊥ and E‖ along the nanowire axis, as shown in Figure 7.6. The experimental line profiles are
averaged over a box of 8 nanometers as indicated in Figure 7.6 a,b. We use standard deviation
as error bars for the experimental line profiles. The simulated data is extracted directly from the
simulated strain maps as the line profile along the center of the nanowire (position x = 0 in Figures
7.5 a,b). We find that despite a small discrepancy between experimental and simulated values (≤
0.5%) the results show good agreement. A slow change takes place from 0% (GaAs reference) to
about 6% (In0.8Ga0.2As segment) which is consistent with the theoretical lattice mismatch of 6%
between the segments. The change occurs over a distance of 30-40 nanometers and exceeds by far
the compositional gradient of 14 nanometers (7.5 c,d). Given that the line profiles are taken along
the nanowire core, where surface relaxation effects are negligible, the 30-40 nm corresponds to
the region which is strained.

We observe that the experimental profile of E⊥ gives slightly lower values of strain compared to
the simulated results. In contrast, the experimental E‖ values are 0.5% higher in the In0.8Ga0.2As
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Figure 7.6: Quantitative comparison of the experimental and simulated strain fields. E⊥ (a) and E‖ (b)
strain maps of the In0.8Ga0.2As-on-GaAs nanowire from Figure 7.4 b (nanowire X3, sample NW348). c)
Line profile of the boxed area in (a) taken from left to right (in blue, with error bars) and the simulated line
profile (in black). d) Line profile of the boxed area in (b) taken from left to right (in blue, with error bars)
and the simulated line profile (in black).

segment compared to the finite element results. Different reasons can cause the discrepancy
between the experimental and simulated values. First of all, the experimental results are strongly
influenced by STEM scanning errors (such as a shift which can happen between scanning lines).
In addition, distortions induced by sample drift or environmental vibrations introduce errors in
strain measurements [161]. While the first type of scanning errors is eliminated by choosing a
proper scan direction (parallel to the strain direction), the other distortions will still introduce noise
(especially noticeable in Figure 7.6 c). For example, Chung et al [161] observed strain fluctuations
of 0.25% within sample areas with theoretical E⊥ = E‖ = 0%. Moreover, GPA strain measurements
are partly limited by the size of the mask applied to the selected Bragg peaks in the Fourier space.
The bigger the mask size in the reciprocal space, the better the spatial resolution yet the lower the
signal-to-noise ratio (see Chapter 3). Here we use a medium-sized mask in order to preserve a
balance between a good spatial resolution and a high signal-to-noise ratio. In consequence, the
strain level is slightly averaged. This could explain why the experimental profile of E⊥ gives
slightly lower values of strain compared to the simulated results. Finally, the EDX interpolation
used to extract aInGaAs and cInGaAs lattice parameters introduces an error in the simulations and
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Chapter 7 : Strain distribution in axial InxGa1−xAs-on-GaAs nanowire heterostructures

therefore causes some additional discrepancies between the theory and experiment.

In conclusion, GPA is an accurate tool to measure experimentally the strain distribution in
nanowire heterostructures with only an introduction of some noise. We found that 6% strain is
present at the GaAs/In0.8Ga0.2As interface in good agreement with the simulations. The strain
relaxation occurs along a region of 30-40 nanometers via elastic relaxation: planes bend close to
the nanowire sidewalls.

Influence of the interface sharpness on the strain field
As we saw above, an In0.8Ga0.2As-on-GaAs nanowire with 20 nanometers diameter and interface
sharpness of 15 nanometers has the possibility to relax 6% lattice mismatch in the vicinity of the
interface without the introduction of misfit dislocations. The length of the strained region was
found to depend on strain-relaxation effects and the interface sharpness. We now simulate how the
interface sharpness influences both the size and the shape of the strained region along the interface.
We consider the nanowire from Figure 7.4 a) and vary the interface length between 0.2 and 80
nanometers. The results are presented in Figure 7.7.
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Figure 7.7: Influence of the interface sharpness on the strain field. E⊥ (a) and E‖ (b) profiles calculated for
the In0.8Ga0.2As-on-GaAs nanowire from Figure 7.4 assuming different sharpness of the interface (between
0.2 and 80 nanometers). The interface is indicated with the arrow.

Both the shape and the size of E⊥ (Figure 7.7 a) and E‖ (Figure 7.7 b) strain profiles along the
nanowire axis vary significantly with the interface sharpness. Yet, the profile of E⊥ undergoes
the highest change. We find that when the interface is atomically abrupt (interface length of 0.2
nanometers) a compressive strain on the GaAs side and an even more pronounced tensile strain on
the In0.8Ga0.2As side exists. The compressive strain reaches -0.7% and the tensile strain reaches
7.4% over a distance of a few nanometers from the interface. This is a signature of an abrupt shift
in c lattice parameter. Strain relaxation takes place over a total distance of 20 nanometers on each
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7.1 Nanowires with diameters below the critical diameter

side of the interface and corresponds to the nanowire diameter. A qualitatively similar profile
is observed, yet with smaller values of the compressive and tensile strain, when the interface
length increases to 5 nanometers. When the interface length exceeds 10 nanometers, however,
the compressive strain on the GaAs side and the tensile strain on the In0.8Ga0.2As side near the
interface disappear and residual strain features are detected only far from the interface along
the profile. The lattice parameter is observed to slowly but continuously change while crossing
the interface. Strain-relaxation effects vanish completely when the interface length exceeds 30
nanometers.

The profile of E‖ (Figure 7.7 b) shows variations of the a lattice parameter when passing from
GaAs to In0.8Ga0.2As even for atomically sharp interface (0.2 nanometers). We observe a ∼ 7
nm tensile strained region in GaAs and a ∼ 7 nm compressive strained region in In0.8Ga0.2As.
The length of the strained regions increases while the magnitude of the strain value decreases
with increasing interface lengths. Similar to the E⊥, strain relaxation totally disappears when the
interface length becomes larger than 30 nanometers.

In conclusion, our simulations demonstrate that the interface sharpness strongly influences the
strain distribution at the GaAs/InGaAs interface. The sharper the interface between the involved
materials the higher the mechanical strain. These results suggest that dislocations free interfaces
are easier to achieve when the chemical composition varies smoothly from one material to the
other one.

Influence of the nanowire diameter on the strain field
We are now interested in how the nanowire diameter influences the strain distribution along the
heterointerface. We consider the nanowire from Figure 7.4 a) with an abrupt interface of 0.2
nanometers and vary its diameter between 5 and 30 nanometers, such that we are always below
the theoretical critical diameter for misfit dislocation formation [14]. The results are presented in
Figure 7.8.

Looking at E⊥ (Figure 7.8 a), we always observe a compressive region on the GaAs side and a
tensile region on the In0.8Ga0.2As side for all simulated profiles. Yet, the amplitude of both the
strained region and its length evolve with the nanowire diameter. The smallest amplitude and
length were found for the smallest nanowire diameter (d = 5 nanometers): the lattice parameter
abruptly changes over a short distance from the interface. When the nanowire diameter increases
to 10 nanometers, the strain amplitude jumps significantly and reaches a maximum value amongst
all profiles. The length of the strained regions becomes slightly broader than for the nanowire
with 5 nanometers diameter, indicating that strain relaxation spreads over a longer distance when
increasing the diameter.
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Figure 7.8: Influence of the nanowire diameter on the strain field. E⊥ (a) and E‖ (b) strain profiles
calculated for the In0.8Ga0.2As-on-GaAs nanowire from Figure 7.4 assuming an abrupt interface and
different diameters between 5 and 30 nanometers. The interface is indicated with the arrow.

The E‖ strain profile (Figure 7.8 b) exhibits a tensile strain on the GaAs side and a compressive
strain on the In0.8Ga0.2As side for all simulated diameters. The amplitude of the strain decreases
for larger diameters and the length of the strained region is larger on both sides of the interface.

Our simulations demonstrate that the most efficient relaxation of the misfit strain happens for
narrow nanowires due to close proximity of the nanowire sidewalls.
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7.2 Nanowires with diameters above the critical diameter

Crystalline quality
Crystal structure:

As discussed previously, the theoretical calculations of Frank Glas [14] predicted the formation
of misfit dislocations in axial nanowire heterostructures with 7% lattice mismatch for diameters
above 40 nanometers. We investigate InAs-on-GaAs axial nanowires grown with 50 nanometers
gold colloids (Table 7.1) in order to verify calculations of Frank Glas. Three nanowires from the
same sample were analyzed by TEM and GPA. We present here a complete study of nanowire 6
(sample NW498, see table 7.1), whose diameter at the interface is 168.5 nanometers and is largely
above the critical diameter.
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Figure 7.9: Crystal structure of an InAs-on-GaAs nanowire from sample NW498 (nanowire 6, Table 7.1).
(a) Dark-filed TEM image taken along the [2 1 1 0] viewing direction. (b) High resolution HAADF-STEM
image of the GaAs/InGaAs transition region from (a). The region has a highly defective zinc blende crystal
structure with twins as confirmed by the Fast Fourier Transformation, shown as an inset. The arrows point
on twin planes. (c) High resolution HAADF-STEM image of the GaAs/InGaAs transition region together
with first layers of InAs. The crystal structure changes from defective zinc blende to wurtzite as seen in the
FFT.

The nanowire structure and its crystalline quality were analyzed by TEM. Similar to the thin
nanowires investigated before, we observe a characteristic broadening of the nanowire diameter
at the interface between GaAs (bottom segment) and InAs (top segment) (Figure 7.9 a). From
EDX measurements of this nanowire (presented in Chapter 6) we know that the InxGa1−xAs
interface length is ∼ 90 nanometers with x varying from 0.0 to 1.0. HAADF STEM images of the
InxGa1−xAs transition region viewed along the [2 1 1 0] zone axis are shown in Figure 7.9 b and c.

121



Chapter 7 : Strain distribution in axial InxGa1−xAs-on-GaAs nanowire heterostructures

10 nm

Ͱ

Ͱ

Ͱ

Ͱ
Ͱ

Ͱ

Ͱ

Ͱ

ͰͰ

10 nm

Ͱ
Ͱ

Ͱ [0002]

[0110]10 nm

(c) (d) (e) (f)

Ͱ Ͱ Ͱ

ͰͰ

ͰͰͰ

Ͱ

Ͱ Ͱ

10 nm

GaAs

InAs(a) (b)

[0002]

[0110]

[0002]

[0110]

[0002]

[0110]

Figure 7.10: Crystal quality of the InAs-on-GaAs nanowire from Figure 7.9. (a) STEM image of the
nanowire interface taken along the [0 1 1 0] zone axis. b) Overlay image of In and Ga EDX elemental
maps of the nanowire from a) showing the interface border. The scale bar is 50 nanometers. c)-f) Four
successive high resolution HAADF-STEM images viewed along the [0 1 1 0] zone axis, acquired across the
nanowire interface from left to right, as indicated by the square boxes in a). Positions of misfit dislocations
are indicated with the ⊥.

We find that the InxGa1−xAs segment exhibits a zinc blende crystal structure with a high density
of twin planes as confirmed by the associated FFT (Figure 7.9 b). After the transition region,
the InAs segment grows with a wurtzite crystal phase. This is evidenced by the appearance of
additional Bragg peaks in the FFT (Figure 7.9 b). We find that the nanowire growth direction is
As polar or [0 0 0 2] similar to the thin nanowires.

Interface quality:

We then carefully investigated HAADF STEM images of the nanowire interface taken along
the [0 1 1 0] viewing direction for the presence of misfit dislocations (Figure 7.10). It is worth
noting that we were forced to divide the interface across the nanowire into four parts and acquire
four successive HAADF STEM images owing to the large nanowire diameter of ∼170 nanometers
(Figure 7.10 c)-d)). The images have a minor vertical misalignment, yet they are all taken across
the interface. The position of the interface is verified by the overlay image of In and Ga EDX
elemental maps (Figure 7.10 b). By looking at the images, we notice blurred areas where a high
resolution information is partly missing. By exploring these areas, we find randomly distributed
misfit dislocations inserted across and along the GaAs/InAs interface (marked with the ⊥ symbol).
It is noticeable that the right side of the nanowire interface contains more misfit dislocations than
the left one. The most defective region of the nanowire interface is found in Figure 7.10 c).
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7.2 Nanowires with diameters above the critical diameter

By paying special attention to the HAADF STEM images, we observe that horizontal and
vertical planes of atoms are bent close to the nanowire sidewalls. We hence conclude that the
strain between the layers is released both plastically (by the network of dislocations) and elastically
(by planes bending). These two effects lead to a deterioration of the image resolution and blurred
areas appear, making the visual inspection less accurate. For the same reason, we were not able to
perform a Burgers vector analysis around the dislocation cores. Therefore, the images will be
further analyzed with GPA in the next section to determine the type of misfit dislocations and their
location.

Nanowire facets:

We investigated the crystal orientation of the nanowire sidewalls using HAADF STEM images
taken along the [2 1 1 0] (Figure 7.11 a) and the [0 1 1 0] (Figure 7.11 e) zone axis. When the
nanowire is viewed along the [2 1 1 0] zone axis, intensity line scans across the InAs (Figure
7.11 b) and the InxGa1−xAs (Figure 7.11 c) segments show a flat central region, characteristic of{
2 1 1 0

}
facets (Figure 7.11 d).

When the nanowire is viewed along the [0 1 1 0] zone axis (Figure 7.11 e), profiles from InAs
(Figure 7.11 f) and InxGa1−xAs (Figure 7.11 g) feature an intensity maximum in the center. This
intensity peak corresponds to the nanowire edge, confirming the presence of

{
2 1 1 0

}
facets

(Figure 7.11 h).

Paying special attention to the intensity profile across the InAs segment, one can notice
additional features indicated by arrows in Figure 7.11 b and f. The left one corresponds to a thin,
straight and elongated groove located at the left side of the InAs nanowire segment (Figure 7.11 f).
The right feature results from an elongated bulge which has a brighter contrast than the rest of the
nanowire. Similar bulges can be seen when the nanowire is viewed along the [2 1 1 0] zone axis
(Figure 7.11 a). Furthermore, we saw identical features on two other nanowires from the same
sample. As the density of misfit dislocations is high and they are randomly distributed close to
the nanowire interface, the bulges and/or the groove may be a signature of threading dislocations
terminated at the nanowire sidewalls. On the other hand, large nanowires can potentially have
more than six sidewall facets. For example, Vincent et al. reported that zinc blende Si nanowires
with 80 nanometers diameter exhibit twelve facets [120]. Similar results can be also found in the
work of Oehler et al. [162]. Therefore, the additional features we find on the intensity line scans
may be a signature of

{
01 1 0

}
facets. As a result, we took conventional TEM images on one of

these thick nanowires to confirm that the additional features come from threading dislocations
(Figure 7.12). We found at least two threading dislocations for the studied nanowire (NW6) which
originate at the GaAs/InAs interface and continue along the InAs part.
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Figure 7.11: Sidewall facets orientation of the InAs-on-GaAs nanowire from Figure 7.9. HAADF STEM
images (scale bar 50 nanometers) of the nanowire taken along the [2 1 1 0] (a) and the [0 1 1 0] (e) viewing
directions. Signal intensity across InAs (b) and InxGa1−xAs (c) obtained from (a). Signal intensity
across InAs (f) and InxGa1−xAs (g) obtained from (e). The line profiles are averaged over a width of 50
nanometers. The facets in b) and f) show additional features. d),h) A reconstructed nanowire geometry
with corresponding sidewall facets from (a) and (e), respectively.
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100 nm 50 nm

Au

GaAs

InAs

(a) (b)

Figure 7.12: Conventional TEM images of the thick InAs-on-GaAs nanowire from Figure 7.9 indicating
threading dislocations. (a) Bright field TEM image of the nanowire and (b) a zoomed view of its InAs part.
The position of threading dislocations is indicated with the arrows.

Strain mapping
We now investigate the interface between the InAs and GaAs segments by GPA. To do so, we use
four successive HR HAADF STEM images from Figure 7.10. Figures 7.13 a-d show color maps
of the in-plane component of strain E‖ . Despite the presence of noise, visible as vertical bright
stripes and caused by scanning errors, the GaAs/InAs interface is visible thanks to the gradual
color change when moving from the bottom to the top of each image. We find that E‖ changes
from 0% (GaAs, used as a reference) to 4% (InAs, in reference to GaAs) in Figure 7.13 b,c and d.
Given that InAs and GaAs have 7% lattice mismatch, the InAs is not relaxed yet. Interestingly, in
Figure 7.13 a), which corresponds to the left side of the nanowire interface (near the nanowire
sidewall), the strain surpasses larger variations from 0% in the GaAs part to 6% in the InAs part,
indicating that the InAs lattice parameter a is almost recovered in this case. In all images, bright
spots are visible; they correspond to misfit dislocations at the GaAs/InGaAs interface.

We then perform Moiré pattern analysis to visualize the misfit dislocations and other crystal
deformations, caused by the mismatch strain. Figure 7.13 e-h shows extra half-planes which exist
at the nanowire interface along the [2110] direction. The distribution of these extra planes is not
homogeneous across the interface: the right side of the nanowire interface is more defective than
the left one. This observation is in good agreement with the visual inspection of HR HAADF
STEM images (Figure 7.10). In addition, we find a significant bending of the planes close to
the nanowire sidewalls. The bending occurs through sidewall expansion. This means that strain
relaxation for E‖ at GaAs/InAs interfaces in nanowires with large diameters takes place both
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(e) (f) (g) (h)

6%0% 0% 4% 0% 4% 0% 4%

(a) (b) (c) (d)

Figure 7.13: Strain mapping and Moiré pattern analysis of the nanowire interface from Figure 7.10 using
(2110) Bragg peak a)-d) The in-plane components of strain E‖ . e)-f) Moiré patterns, obtained after Fourier
filtering of the (2110) Bragg peak, displaying extra half-planes (marked by the arrows).

elastically and plastically, via planes bending close to the nanowire sidewalls and formation of
misfit dislocations, respectively.

Note, that our GPA images are processed from HRSTEM images taken along the [0 1 1 0]
zone axis. Generally, dislocations lines have <2110> direction in wurtzite (or equivalent <110>
direction in zinc blende). To correctly visualize the dislocation nature, images have to be taken in
the direction parallel to the dislocation line (i.e. the nanowire has to be viewed along the [2110]
direction in wurtzite notation). This means, that Moiré images displayed in Figure 7.13 e-h can
only help us to estimate the position of dislocations. Yet, information about their nature is missing
since dislocation lines are inclined relative to the [0 1 1 0] zone axis. Therefore, to estimate the
nature of the dislocations (their type), we performed GPA analysis on HRSTEM images taken
along the [2110] viewing direction (see Chapter A).

We then investigate the out-of-plane strain distribution E⊥ and the behavior of planes along
the [0002] direction. Figure 7.14 a-d presents color maps of E⊥. It shows that different strain
fields are present in GaAs (bottom, blue) and InAs (top, orange). A compressive strain of about
-2.5% on the GaAs side is easily observed. The expected tensile strain on the InAs side is hard to
distinguish: we observe a strain of 4% (Figure 7.14). It is worth noting that E⊥ obtained from the
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Figure 7.14: Strain mapping and Moiré pattern analysis of the nanowire interface from Figure 7.10 using
the (0002) Bragg peak. a)-d) The out-of-plane components of strain E⊥. e)-f) Moiré patterns of the images,
obtained after Fourier filtering of the (0002) Bragg peak, displaying extra planes (marked by the arrows).

left side of the nanowire (close to the nanowire sidewall, Figure 7.14 a) varies from -2% to 6%,
indicating asymmetry across the nanowire interface, similar to the E‖ . Moreover, we find bright
spots only in three out of four regions of the nanowire interface (Figure 7.14 a,c and d). The strain
centers represent dislocations cores. To further investigate the dislocation distribution, we use
Moiré pattern analysis (Figure 7.14 e-h).

The first thing we notice is that the right side of the nanowire interface is highly defective
(Figure 7.14 g,h) while the left side is almost free of misfit dislocations (Figure 7.14 e,f). These
dislocations are unfinished planes which exist along the [0001] direction with a Burgers vector of
1
2[0001]. At the same time, we also notice a large bending of the c planes close to the nanowire
sidewalls. This confirms that strain relaxation occurs through elastic deformation of planes and
partially through the formation of misfit dislocations (as observed for the a planes before).

We now discuss why the InAs-on-GaAs nanowires with large diameters exhibit elastic and
plastic relaxation of misfit strain. We demonstrated that when the nanowire diameter exceeds
the critical diameter value, there still exists an elastic relaxation near the nanowire sidewalls,
which partially reduces the mismatch strain. This results in an increased spacing between misfit
dislocations from the nanowire axis to the nanowire sidewalls. For example, Frigeri et al. reported
that the average spacing between dislocations increases from 4 nanometers (at the center of the
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interface) to 6.5 nanometers (near the sidewalls) in InAs-on-GaAs nanowires with diameters above
the critical one [68]. We indeed observe that the density of misfit dislocations is increased near the
center of the nanowire interface (Figure 7.13) coupled with the planes bending near the nanowire
sidewalls. Yet, there is no periodicity between the dislocations spacing even near the nanowire
center. Interestingly, while the interface is less defective near the nanowire sidewalls (Figure
7.13 e,h), we find two closely positioned misfit dislocations right at the sidewalls (Figure 7.13 e).
Moreover, we constantly observe an asymmetry in the density of misfit dislocations between the
left and the right side of the nanowire interface. In wurtzite crystals, edge dislocations along the
[2110] direction glide along the (0001) plane, meaning that the dislocation line can move along the
(0001) plane through the entire nanowire. The gliding of dislocations results in their non-periodic
distribution and hence some parts of the nanowire interface are more defective than the others.

7.3 Conclusions
To conclude, we performed strain measurements along GaAs/In0.8Ga0.2As and GaAs/InAs
nanowire interfaces, with different nanowire diameter and interface sharpness. In0.8Ga0.2As-on-
GaAs nanowires with diameters below 46 nanometers are free of misfit dislocations regardless of
the interface sharpness (5-26): the 6% strain is completely elastically relaxed within the strained
region in the vicinity of the interface. Elastic relaxation occurs via crystalline planes bending close
to the nanowire sidewalls. The experimental results are in good agreement with finite element
simulations. They confirm that strain in our nanowires arises from the mismatched interface and
not from external forces. Our experimental findings confirm that heterointerfaces with 6% lattice
mismatch are pseudomorphic in axial nanowires for diameters below 50 nanometers.

On the other hand, we find that 7% mismatched InAs-on-GaAs nanowires with diameters
above 95 nanometers at the interface exhibit strain relaxation, both elastically and plastically, via
planes bending and the formation of misfit dislocations, respectively. These results are unexpected,
because the theoretical calculations reported by Glas predict complete plastic relaxation of the
strain at the GaAs/InAs interface for nanowires with diameters above 100 nanometers [14]. The
asymmetric distribution of the misfit dislocations across the interface could find an explanation
through the gliding of edge dislocations along the (0001) plane. Furthermore, themisfit dislocations
produce threading dislocations ending at the nanowire sidewalls.

In summary, this study illustrates different strain relaxation mechanisms that occur in nanowire
heterostructures and strongly depend on the nanowire diameter. Elastic relaxation allows epitaxial
growth of materials with large lattice mismatch as long as the wire diameter is smaller than a
critical value.

128



Chapter 8

General conclusions and perspectives

8.1 General conclusions
The long term objective of this thesis is to grow optically active low band-gap InAs quantum
dots inside nanowire heterostructures for the implementation of on-chip optical light emitters and
highly sensitive detectors at telecommunication wavelengths. In order to reach this ambitious
goal, we have set the following objectives:

1. to demonstrate the possibility of combining III-V and Si in nanowire heterostructures;

2. to grow pure wurtzite Au-assisted GaAs nanowires on Si (111) substrates;

3. to grow dislocation-free and straight InAs-on-GaAs nanowire heterostructures on Si (111)
substrates;

4. to understand the strain distribution at the InAs/GaAs interface.

1) Combining III-V and Si in nanowire heterostructures

In the first part of this thesis, we demonstrated the possibility of combining III-V and Si in
nanowire heterostructures. We grew GaAs segments on top of Si nanowire stems by re-using the
gold catalyst present at the Si tips. We found that the GaAs segments grow between 470 °C and
670 °C, in good agreement with previous works on the Au-assisted growth of GaAs nanowires on
Si and GaAs substrates. The Si/GaAs nanowire heterostructures were studied by transmission
electron microscope and scanning electron microscope. We found that the GaAs segment at the Si
tip is kinked and exhibit a poor crystalline quality. Kinks are a direct consequence of the initial
position of the Au droplets on the Si nanowire before GaAs growth: we find that the Au droplets
do not sit on the upper planar facet, but on a {100} facet oriented at 54° angle of the nanowire
growth direction.
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Another challenge is GaAs nanoneedles, which grow unintentionally on the Si nanowire
sidewalls because of parasitic gold clusters. The parasitic clusters form during the Si nanowire
growth process. The angle between nanoneedles and the Si nanowire growth direction as well as
their presence only on three facets suggest that the sidewalls of Si nanowires have a saw-tooth
faceting with a characteristic three-fold symmetry. We also speculate that the gold clusters
are anchored only on the {111}-upward-oriented saw-tooth facets, promoting the growth of
nanoneedles with a constant angle. Finally, we find a parasitic GaAs overgrowth on the sidewalls
of the Si nanowires. These issues are a direct consequence of the vapor-liquid-solid growth of Si
nanowires in a low pressure chemical vapor deposition reactor and can be potentially avoided if
the Si stems would be prepared by some other way. We therefore propose to form the Si stems by a
top-down approach, where Si nanowires are etched out of bulk silicon with the gold droplets used
as a mask. In order to test our idea, we performed preliminary studies using reactive-ion etching
of Si (111) substrates to obtain Si nanowires. Importantly, we observed that the position of the
gold droplets, which are deposited on the surface of bulk silicon, is unchanged during the whole
etching process. Moreover the etching process is performed at relatively low temperatures (∼ 50
°C), which prevents the migration of gold from the droplet to the sidewalls of etched Si nanowires.
In addition, we avoid faceting, which is the result of self-assembling in the vapor-liquid-solid
growth of nanowires. We therefore demonstrate an alternative way to create Si nanowires in order
to combine Si and GaAs in nanowire heterostructures.

2) Growth of pure wurtzite GaAs nanowires on Si (111) substrates

The crystal phase purity of nanowires is crucial for the performances of nanowire-based
devices, because crystal defects act as traps and scattering centers for the charge carriers. Thereby
it is important to minimize the occurrence of stacking faults during nanowire growth. Here, we
focused on the Au-assisted growth of pure wurtzite GaAs nanowires on Si (111) substrates by
molecular beam epitaxy.

We first investigated the nucleation process of the GaAs nanowires on Si (111) substrates. We
observeded a delay in the nucleation: the first vertical GaAs nanowires appear on the substrate
only after 3 minutes of materials deposition. Before that, in-plane GaAs traces form and grow
horizontally until they cover the entire Si substrate surface. Our results are in good agreement with
the work reported by Breuer et al. [118]. The traces are formed owing to a lower interface energy
of Au-Ga droplets on Si (γ ≤ 35 meVÅ−2) compared to the surface energy of Au-Ga droplets
on GaAs (111)B (γ ≥ 43 meVÅ−2). We then studied the influence of the growth temperature
and material fluxes on the GaAs nanowire morphology and crystal structure. We found that the
GaAs nanowires grow for all chosen substrate temperatures (550, 590 and 610 °C). Yet, nanowires
feature homogeneity in height and diameter and grow with the highest growth rate at 610 °C,
owing to the enhanced Ga diffusion from the substrate. We also demonstrated that the axial growth
of nanowires is controlled by the group-V flux.
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We then studied the GaAs nanowires crystal structure by transmission electron microscopy.
We observed that at a V/III beam equivalent pressure ratio of 15, most of the nanowires have a
wurtzite crystal structure with a high density of stacking faults. When the V/III beam equivalent
pressure ratio increases up to 30, the nanowires grow with a pure wurtzite crystal phase. The
nanowires exhibit less than four stacking faults per micrometer. We established that high V/III
flux ratios are also necessary to obtain GaAs nanowires with uniform diameters and minimized
tapering.

3) Growth of dislocation-free straight InAs-on-GaAs nanowire heterostructures on Si (111)
substrates

The growth of axial nanowire heterostructures is challenging when switching group III
elements. The problems that potentially arise are: a kinking in one of the two interface directions,
graded and asymmetric interfaces and a parasitic radial growth. Moreover, the crystalline quality
of the interface is strongly affected by the strain caused by the materials lattice mismatch. The
mismatch imposes severe conditions on the choice of the nanowire diameter. For example,
dislocation-free InAs/GaAs interfaces (7% lattice mismatch) require in theory diameters smaller
than 40 nanometers.

In this work, we successfully fabricated dislocation-free axial InAs-on-GaAs nanowire
heterostructures on silicon with a yield of 92% using 20 nanometers gold colloids. We studied
extensively the nanowire growth protocol and established that the key ingredient to obtain straight
InAs-on-GaAs nanowires is to keep the Au droplet stable. In order to achieve this, we developed a
two-step growth procedure enabling to maintain a high supersaturation in the Au catalyst during
the materials switch from Ga to In.

We observed that the growth temperature plays an important role in the morphology of the
InAs-on-GaAs nanowire heterostructures. We identified three temperature regimes. At low growth
temperatures (below 500 °C) there is no InAs axial growth. A thick and irregular InAs shell
surrounds the GaAs nanowires. At high growth temperatures (above 570 °C), we find axial InAs
segments on top of GaAs stems, but the segments kink most of the time. Finally, at the optimum
growth temperature of 540 °C, the yield of straight InAs segments reaches a maximum regardless
of the In flux.

By tuning carefully the material fluxes supplied during growth, we significantly improved
the interface sharpness between InAs and GaAs. Using a low In flux during the growth of InAs
resulted in a 20 nm composition gradient at the InAs/GaAs interface. When the In flux is increased
by a factor of 2, the interface gradient is as low as 5 nm thanks to faster Ga depletion from the Au
droplet. Yet, high In flux led to an increase in the density of staking faults in the InAs segment,
similarly to our wurtzite GaAs nanowires. It is thus necessary to find a compromise between
improving the interface sharpness and preserving the nanowire crystal quality.
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A detailed EDX analysis revealed that our nominally pure InAs segments contain a high
concentration of Ga. Moreover, the Ga concentration is not constant along the nanowire growth
axis and increases toward the nanowire tip. Through a careful analysis of all possible Ga sources,
we established that Ga is most likely supplied from the diffusion of thermally created Ga atoms,
formed on the GaAs nanowire sidewalls and on the two-dimensional GaAs layer grown on the
Si substrate. We proposed several strategies to reduce the Ga concentration in the segment.
Increasing the As flux, the Ga concentration in the InGaAs segment decreases from 25% to 15%.
The Ga concentration in the InGaAs segment becomes negligible (less than 5%) for nanowires
with large diameters (larger than 60 nanometers), owing to the transition from diffusion-induced
to adsorption-induced growth mechanism. At large diameters, nanowire growth is governed by
the adsorption-induced growth mechanism: only a direct impingement of material contributes to
the nanowire elongation, eliminating thus the influence of Ga diffusion from the substrate surface
and the nanowire sidewalls. Yet, the increase in the nanowire diameter above 40 nm deteriorates
the crystal quality of the GaAs/InAs interface.

4) Strain distribution along axial InAs-on-GaAs nanowires

Finally, we performed strain measurements along In0.8Ga0.2As/GaAs (thin diameters) and
InAs/GaAs (thick diameters) nanowire interfaces. To do so, we combined high-resolution scanning
transmission electron microscopy with Geometrical Phase Analysis. We demonstrated that
In0.8Ga0.2As/GaAs nanowires with diameters below 46 nanometers are free of misfit dislocations,
regardless of the interface sharpness (between 5 and 26 nanometers). The 6% strain is fully
elastically released within a strained region on both sides of the interface: elastic relaxation takes
place via the bending of crystal planes close to the nanowire sidewalls. The length of the strained
region depends on both the interface sharpness and the nanowire diameter. Our experimental
results come in good agreement with the finite element simulations. Our findings confirm the
prediction that interfaces with 6% lattice mismatch are pseudomorphic in axial nanowires with
diameters below 50 nanometers [14].

On the other hand, we find that 7% mismatched InAs/GaAs nanowires with diameters above
95 nanometers at the interface relax strain both elastically and plastically, via plane bending and
formation of misfit dislocations, respectively. These results were unexpected because theoretical
calculations by Frank Glas predict complete plastic relaxation for nanowires with diameters above
100 nanometers [14]. We also observed an asymmetric distribution of the misfit dislocations
across the interface. This asymmetry could be explained by the gliding of edge dislocations along
the (0001) plane. We observed finally that the misfit dislocations produce threading dislocations
ending at the nanowire sidewalls.

Our results are of significance for any nanowire heterostructures, especially if high quality
thin tunnel barriers or quantum dots have to be produced in the final structure. For an efficient
nanowire-based single-photon emitter, the quantum dot height is typically in the range 5–40
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nm. We found that the strained region for the 20 nm in diameter In0.8Ga0.2As/GaAs nanowire
heterostructure reaches 40 nanometers at the interface, meaning that the entire InAs quantum dot,
inserted into a GaAs nanowire will be strongly strained. Strain deeply influences the band structure
of semiconductors, and consequently the electronic and optical properties of final devices.

8.2 Perspectives
Our results establish a first step toward the realization of high quality InAs quantum dots in GaAs
nanowires on silicon. We now have the experimental proof that InAs quantum dots can be realized
in GaAs nanowires without dislocations for diameters below 46 nanometers. For our long term
goals, it is important i) to grow InAs-on-GaAs nanowires with an homogeneous composition
and a reproducible crystal quality, ii) to create a complete GaAs/InAs/GaAs structure, iii) to
evaluate the emission properties of the grown structures. First of all, both the InAs crystalline
phase purity and the GaAs/InAs interface sharpness have to be better controlled. For example,
the interface sharpness can be improved with short pulses of In flux used after the Ga flux is
switched off. The In pulses will decrease the equilibrium concentration of Ga in the gold droplet,
resulting in abrupt GaAs/InAs interfaces [60]. The amount of In introduced to the droplet by
pulses should be small enough to not initiate InAs growth before all the accumulated Ga is expelled.
Similarly, the abruptness of the InAs/GaAs interface can be improved with short Ga pulses. We
used this technique to grow a GaAs/InAs/GaAs nanowire heterostructure (see below). On the
other hand, an homogeneous reproducible and controlled segment composition can be probably
achieved if nanowires are grown on patterned Si substrates [163]. For this growth procedure,
Si (111) substrates are typically covered with a silicon oxide mask, which has nano-openings.
With appropriate Ga flux and growth temperature, GaAs nanowires grow selectively inside of the
nano-openings while the oxide mask remains free from parasitic GaAs growth. We now briefly
discuss preliminary work on the growth of GaAs/InAs/GaAs nanowire heterostructures, and on
the numerical modeling of nanowire quantum dots.

Growth of GaAs/InAs/GaAs nanowire heterostructures
We grew a complete GaAs/InAs/GaAs nanowire heterostructure as a preliminary test (Figure 8.1).
We used 5 short pulses of In and Ga fluxes aimed to improve the interface sharpness on both sides
of the InAs quantum dot (Figure 8.1 a). We observed a significant enlargement in the diameter of
the structure along the growth axis (Figure 8.1 b). We attribute this diameter enlargement to the
InAs region. Moreover, we find a characteristic dark contrast in bright-field scanning transmission
electron microscopy (STEM) images at the expected position of the InAs segment (Figure 8.1
c). Further EDX measurements are required to determine the sharpness of the interfaces and
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the chemical composition of the quantum segment. Photoluminescence measurements are also
planned to investigate the optical properties of the structure.

GaAs

GaAs

InAs

InAs

200 nm 200 nm

GaAs

GaAs

(a)

(b) (c)

Figure 8.1: GaAs/InAs/GaAs nanowire heterostructures grown on a Si(111) substrate. a) Scheme of the
growth protocol. b) SEM image (30° tilt) of a typical GaAs/InAs/GaAs heterostructure from the sample. c)
STEM image of a typical GaAs/InAs/GaAs heterostructure from the sample.

Modeling of nanowire quantum dots

Finally, we evaluated the geometry and composition of the quantum dot required to reach the
desired emission at telecommunication wavelengths. We developed a model of wurtzite-phase
GaAs/InGaAs/GaAs nanowire quantum dot using the Nextnano3 software [164]. The complete
structure is simulated in three dimensions. In a first step, the 3D strain distribution is calculated
by minimization of the elastic energy, assuming zero stress at the nanowire surface. Then, the
band profile is calculated by solving the Poisson-Schroedinger equation self-consistently, using the
effective mass approximation. We focus on an InxGa1−xAs quantum dot, with a 5 nm height and a
diameter of 20 nm. In Figure 8.2, the band gap is plotted as a function of In composition for the
quantum dot. This InxGa1−xAs quantum dot will potentially emit light in the telecommunication
wavelength window for an In concentration between 35% and 50%.
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Figure 8.2: a) Scheme of the modelled InGaAs/GaAs single-quantum-dot nanowire. (b) Nextnano
simulations of the InxGa1−xAs quantum dot band gap as a function of In composition of the alloy.

For efficient light emission, the wavefunctions of the electron and hole must overlap radially
and axially to ensure a fast radiative recombination. We found that the wavefunction overlap of
the modelled quantum dot is low due to strain. However, the addition of a thin Al0.3Ga0.7As shell
can significantly mitigate this issue.
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Appendix

A.1 Voigt notation
Three-dimensional strain tensor:

ε =


e11

1
2 (e12 + e21)

1
2 (e13 + e31)

1
2 (e12 + e21) e22

1
2 (e23 + e32)

1
2 (e13 + e31)

1
2 (e23 + e32) e33

 (A.1)

Strain tensor is symmetric and only 6 out of 9 components are independent:

ε =


ε11 ε12 ε13
ε12 ε22 ε23
ε13 ε23 ε33

 (A.2)

By substituting indexes in the way: 11 −→ 1, 22 −→ 2, 33 −→ 3, 23 and 32 −→ 4, 13 and 31
−→ 5, 12 and 21 −→ 6, the six independent components of the strain tensor are often represented
in Voigt notation:

ε =



ε1
ε2
ε3
ε4
ε5
ε6


(A.3)

Elasticity stiffness tensorC is comprised of 81 components, yet only 36 of them are independent.
Following the Voigt notation, the stiffness tensor can be represented in form of a 6 × 6 matrix:
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C =



C11 C12 C13 C14 C15 C16
C21 C22 C23 C24 C25 C26
C31 C32 C33 C34 C35 C36
C41 C42 C43 C44 C45 C46
C51 C52 C53 C54 C55 C56
C61 C62 C63 C64 C65 C66


(A.4)

The Hook’s low:



σ11
σ22
σ33
σ32
σ31
σ21


=



C11 C12 C13 C14 C15 C16
C21 C22 C23 C24 C25 C26
C31 C32 C33 C34 C35 C36
C41 C42 C43 C44 C45 C46
C51 C52 C53 C54 C55 C56
C61 C62 C63 C64 C65 C66





ε11
ε22
ε33
˜ε32
˜ε31
˜ε21


(A.5)

,

where ε̃i j = 2εi j (i , j).

To build stiffness tensor for nanowires with zinc blende crystal structure, only 3 independent
coefficients are required: C11, C12 and C44. This happens due to equality of the three axis in
the cubic crystal cell. For nanowires with wurtzite crystal phase, the stiffness tensor contains
5 independent coefficients: C11, C12, C13, C44 and C55, since only two out of the three axis are
equivalent in hexagonal crystal cell.

The values of elastic constants for wurtzite GaAs and wurtzite InAs materials, used in this
thesis are indicated below.

C11 C12 C13 C33 C44

GaAs 147.6 46.0 33.4 160.2 42.4
InAs 110.3 42.8 32.1 120.9 27.3

Table A.1: Table of elastic constants for GaAs and InAs in wurtzite crystal phase [165]. Values are given
in GPa.

A.2 The nature of dislocations in thick nanowires
Generally, dislocation lines have <110> direction in zinc blende notation. To correctly visualize
the dislocation nature, images have to be taken in the direction parallel to the dislocation line (i.e.
the nanowire has to be viewed along the <110> direction). To estimate the nature of dislocations
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Figure A.1: (a) Dark-filed TEM image taken along the [0 1 1] viewing direction. (b) High resolution
HAADF-STEM image of the GaAs/InGaAs transition region from (a). The region has a highly defective
zinc blende crystal structure with twins as confirmed by the Fast Fourier Transformation (FFT) in (c). (d)
The image amplitude obtained from the FFT by filtering the (-1,-1,1) Bragg peak. Black zones along the
nanowire axis (marked by the arrows) appear due to the twin planes. There the information bout image
amplitude is missing. (e) Moiré pattern, obtained after Fourier filtering of the (-1,-1,1) Bragg peak. The
Moiré pattern is violated at the position of twin planes. The nanowire border is marked with the yellow
dashed line. (f) Perfect 60◦-mixed dislocation in zinc blende stacking sequence viewed along the [0 1 1]
direction.

(their type), found in thick nanowires, we analyzed HRSTEM images taken along the [0 1 1]
viewing direction (see Figure A.1).

Figure A.1 e) shows the Moiré pattern obtained by Fourier filtering of the (-1,-1,1) Bragg peak.
We observe (-1-11) planes inclined with respect to the nanowire axis. It is difficult to identify the
expected 60◦-mixed dislocations (unfinished (-1-11) planes, see Figure A.1 f) among the noise
introduced by twin planes (marked by the arrows). The similar "noise violation" effect is found in
all studied images.

141





References

[1] Nicolas Gisin, Grégoire Ribordy, Wolfgang Tittel, and Hugo Zbinden. Quantum crypto-
graphy. Reviews of modern physics, 74(1):145, 2002.

[2] Emanuel Knill, Raymond Laflamme, and Gerald J Milburn. A scheme for efficient quantum
computation with linear optics. nature, 409(6816):46–52, 2001.

[3] Valery Zwiller, Hans Blom, Per Jonsson, Nikolay Panev, Sören Jeppesen, Tedros Tsegaye,
Edgard Goobar, Mats-Erik Pistol, Lars Samuelson, and Gunnar Björk. Single quantum
dots emit single photons at a time: Antibunching experiments. Applied Physics Letters,
78(17):2476–2478, 2001.

[4] Charles Santori, Matthew Pelton, Glenn Solomon, Yseulte Dale, and Yoshihisa Yamamoto.
Triggered single photons from a quantum dot. Physical Review Letters, 86(8):1502, 2001.

[5] P Michler, A Kiraz, C Becher, WV Schoenfeld, PM Petroff, Lidong Zhang, E Hu, and
A Imamoglu. A quantum dot single-photon turnstile device. science, 290(5500):2282–2285,
2000.

[6] Kristian Høeg Madsen, Serkan Ates, Jiyuan Liu, Alisa Javadi, SM Albrecht, I Yeo, Søren
Stobbe, and Peter Lodahl. Efficient out-coupling of high-purity single photons from a
coherent quantum dot in a photonic-crystal cavity. Physical Review B, 90(15):155303,
2014.

[7] JM Gérard, B Sermage, B Gayral, B Legrand, E Costard, and V Thierry-Mieg. Enhanced
spontaneous emission by quantum boxes in a monolithic optical microcavity. Physical
review letters, 81(5):1110, 1998.

[8] Charles Santori, David Fattal, Jelena Vuckovic, Glenn S Solomon, and Yoshihisa Yamamoto.
Single-photon generation with inas quantum dots. New Journal of Physics, 6(1):89, 2004.

[9] Julien Claudon, Joël Bleuse, Nitin Singh Malik, Maela Bazin, Périne Jaffrennou, Niels
Gregersen, Christophe Sauvan, Philippe Lalanne, and Jean-Michel Gérard. A highly

143



REFERENCES

efficient single-photon source based on a quantum dot in a photonic nanowire. Nature
Photonics, 4(3):174–177, 2010.

[10] Niccolo Somaschi, Valérian Giesz, Lorenzo De Santis, JC Loredo, Marcelo P Almeida,
Gaston Hornecker, Simone Luca Portalupi, Thomas Grange, Carlos Antón, Justin Demory,
et al. Near-optimal single-photon sources in the solid state. Nature Photonics, 10(5):340–345,
2016.

[11] Magnus T Borgström, Valery Zwiller, Elisabeth Müller, and Atac Imamoglu. Optically
bright quantum dots in single nanowires. Nano letters, 5(7):1439–1443, 2005.

[12] M Heiss, Y Fontana, Anders Gustafsson, G Wüst, C Magen, JW Luo, B Ketterer, S Conesa-
Boj, AV Kuhlmann, J Houel, et al. Self-assembled quantum dots in a nanowire system for
quantum photonics. Nature materials, 12(EPFL-ARTICLE-189186):439–444, 2013.

[13] Michael E Reimer, Gabriele Bulgarini, Nika Akopian, Moïra Hocevar, Maaike Bouwes
Bavinck, Marcel A Verheijen, Erik PAM Bakkers, Leo P Kouwenhoven, and Val Zwiller.
Bright single-photon sources in bottom-up tailored nanowires. Nature communications,
3:737, 2012.

[14] Frank Glas. Critical dimensions for the plastic relaxation of strained axial heterostructures
in free-standing nanowires. Physical Review B, 74(12):121302, 2006.

[15] Jun Tatebayashi, Yasutomo Ota, Satomi Ishida, Masao Nishioka, Satoshi Iwamoto, and
Yasuhiko Arakawa. Optical properties of site-controlled ingaas quantum dots embedded in
gaas nanowires by selective metalorganic chemical vapor deposition. Japanese Journal of
Applied Physics, 51(11S):11PE13, 2012.

[16] VN Kats, VP Kochereshko, AV Platonov, TV Chizhova, GE Cirlin, AD Bouravleuv,
Yu B Samsonenko, IP Soshnikov, EV Ubyivovk, J Bleuse, et al. Optical study of gaas
quantum dots embedded into algaas nanowires. Semiconductor Science and Technology,
27(1):015009, 2011.

[17] Daniele Barettin, Alexei V Platonov, Alessandro Pecchia, Vladimir N Kats, George E Cirlin,
Iliya P Soshnikov, Alexei D Bouravleuv, Lucien Besombes, Henri Mariette, Matthias Auf
der Maur, et al. Model of a gaas quantum dot embedded in a polymorph algaas nanowire.
IEEE Journal of Selected Topics in Quantum Electronics, 19(5):1–9, 2013.

[18] Jiang Wu, Andrew Ramsay, Ana Sanchez, Yunyan Zhang, Dongyoung Kim, Frederic
Brossard, Xian Hu, Mourad Benamara, Morgan E Ware, Yuriy I Mazur, et al. Defect-free
self-catalyzed gaas/gaasp nanowire quantum dots grown on silicon substrate. Nano letters,
16(1):504–511, 2015.

144



REFERENCES

[19] Maarten HM vanWeert, Nika Akopian, Umberto Perinetti, Maarten P van Kouwen, Rienk E
Algra, Marcel A Verheijen, Erik PAM Bakkers, Leo P Kouwenhoven, and Val Zwiller.
Selective excitation and detection of spin states in a single nanowire quantum dot. Nano
letters, 9(5):1989–1993, 2009.

[20] Andreas Fuhrer, Linus E Fröberg, Jonas Nyvold Pedersen, Magnus W Larsson, Andreas
Wacker, Mats-Erik Pistol, and Lars Samuelson. Few electron double quantum dots in
inas/inp nanowire heterostructures. Nano letters, 7(2):243–246, 2007.

[21] R Anufriev, N Chauvin, H Khmissi, K Naji, J-B Barakat, J Penuelas, G Patriarche,
M Gendry, and C Bru-Chevallier. Polarization properties of single and ensembles of
inas/inp quantum rod nanowires emitting in the telecom wavelengths. Journal of Applied
Physics, 113(19):193101, 2013.

[22] Moïra Hocevar, George Immink, Marcel Verheijen, Nika Akopian, Val Zwiller, Leo
Kouwenhoven, and Erik Bakkers. Growth and optical properties of axial hybrid iii-v/si
nanowires. arXiv preprint arXiv:1210.8350, 2012.

[23] Thomas Aichele, Adrien Tribu, Gregory Sallen, Juanita Bocquel, Edith Bellet-Amalric,
Catherine Bougerol, Jean-Philippe Poizat, Kuntheak Kheng, Régis André, Serge Tatarenko,
et al. Cdse quantum dots in znse nanowires as efficient source for single photons up to 220k.
Journal of Crystal Growth, 311(7):2123–2127, 2009.

[24] Julien Renard, Rudeesun Songmuang, Gabriel Tourbot, Catherine Bougerol, Bruno Daudin,
and Bruno Gayral. Evidence for quantum-confined stark effect in gan/aln quantum dots in
nanowires. Physical Review B, 80(12):121305, 2009.

[25] Nikolay Panev, Ann I Persson, Niklas Sköld, and Lars Samuelson. Sharp exciton emission
from single inas quantum dots in gaas nanowires. Applied Physics Letters, 83(11):2238–
2240, 2003.

[26] RS Wagner and WC Ellis. Vapor-liquid-solid mechanism of single crystal growth. Applied
Physics Letters, 4(5):89–90, 1964.

[27] Walter M Weber and Thomas Mikolajick. Silicon and germanium nanowire electronics:
physics of conventional and unconventional transistors. Reports on Progress in Physics,
80(6):066502, 2017.

[28] Yat Li, Fang Qian, Jie Xiang, and Charles M Lieber. Nanowire electronic and optoelectronic
devices. Materials today, 9(10):18–27, 2006.

[29] Fernando Patolsky, Gengfeng Zheng, and Charles M Lieber. Nanowire-based biosensors,
2006.

145



REFERENCES

[30] Bozhi Tian, Xiaolin Zheng, Thomas J Kempa, Ying Fang, Nanfang Yu, Guihua Yu, Jinlin
Huang, and Charles M Lieber. Coaxial silicon nanowires as solar cells and nanoelectronic
power sources. In Materials For Sustainable Energy: A Collection of Peer-Reviewed
Research and Review Articles from Nature Publishing Group, pages 58–62. World Sci-
entific, 2011.

[31] Jesper Wallentin, Nicklas Anttu, Damir Asoli, Maria Huffman, Ingvar Åberg, Martin H
Magnusson, Gerald Siefer, Peter Fuss-Kailuweit, Frank Dimroth, Bernd Witzigmann, et al.
Inp nanowire array solar cells achieving 13.8% efficiency by exceeding the ray optics limit.
Science, 339(6123):1057–1060, 2013.

[32] Peter J Pauzauskie and Peidong Yang. Nanowire photonics. Materials Today, 9(10):36–45,
2006.

[33] Olga Caballero-Calero and Marisol Martín-González. Thermoelectric nanowires: A brief
prospective. Scripta materialia, 111:54–57, 2016.

[34] Jie Xiang, Andy Vidan, Michael Tinkham, Robert M Westervelt, and Charles M Lieber.
Ge/si nanowire mesoscopic josephson junctions. Nature nanotechnology, 1(3):208–213,
2006.

[35] S Assali, I Zardo, S Plissard, D Kriegner, MA Verheijen, G Bauer, A Meijerink, A Belabbes,
F Bechstedt, JEM Haverkort, et al. Direct band gap wurtzite gallium phosphide nanowires.
Nano letters, 13(4):1559–1563, 2013.

[36] Daria V Beznasyuk, Eric Robin, Martien Den Hertog, Julien Claudon, and Moïra Hocevar.
Dislocation-free axial inas-on-gaas nanowires on silicon. arXiv preprint arXiv:1704.05631,
2017.

[37] UP Gomes, D Ercolani, V Zannier, F Beltram, and L Sorba. Controlling the diameter
distribution and density of inas nanowires grown by au-assisted methods. Semiconductor
Science and Technology, 30(11):115012, 2015.

[38] B Predel. Au-ga (gold-gallium). In Ac-Au–Au-Zr, pages 1–5. Springer, 1991.

[39] Makoto Koto. Thermodynamics and kinetics of the growthmechanism of vapor–liquid–solid
grown nanowires. Journal of Crystal Growth, 424:49–54, 2015.

[40] Daniel Jacobsson, Federico Panciera, Jerry Tersoff, Mark C Reuter, Sebastian Lehmann,
Stephan Hofmann, Kimberly A Dick, and Frances M Ross. Interface dynamics and crystal
phase switching in gaas nanowires. Nature, 531(7594):317–322, 2016.

146



REFERENCES

[41] VG Dubrovskii and NV Sibirev. General form of the dependences of nanowire growth rate
on the nanowire radius. Journal of crystal growth, 304(2):504–513, 2007.

[42] S Bhunia, T Kawamura, S Fujikawa, and YWatanabe. Systematic investigation of growth of
inp nanowires by metalorganic vapor-phase epitaxy. Physica E: Low-dimensional Systems
and Nanostructures, 24(1):138–142, 2004.

[43] MI McMahon and RJ Nelmes. Observation of a wurtzite form of gallium arsenide. Physical
review letters, 95(21):215505, 2005.

[44] Hadas Shtrikman, Ronit Popovitz-Biro, Andrey Kretinin, and Moty Heiblum. Stacking-
faults-free zinc blende gaas nanowires. Nano letters, 9(1):215–219, 2008.

[45] Sónia Conesa-Boj, Dominik Kriegner, Xiang-Lei Han, Sébastien Plissard, Xavier Wallart,
Julian Stangl, Anna Fontcuberta i Morral, and Philippe Caroff. Gold-free ternary iii–v
antimonide nanowire arrays on silicon: twin-free down to the first bilayer. Nano letters,
14(1):326–332, 2013.

[46] Patrick Parkinson, Hannah J Joyce, Qiang Gao, Hark Hoe Tan, Xin Zhang, Jin Zou,
Chennupati Jagadish, Laura M Herz, and Michael B Johnston. Carrier lifetime and mobility
enhancement in nearly defect-free core- shell nanowires measured using time-resolved
terahertz spectroscopy. Nano letters, 9(9):3349–3353, 2009.

[47] Claes Thelander, Philippe Caroff, Sébastien Plissard, Anil W Dey, and Kimberly A Dick.
Effects of crystal phase mixing on the electrical properties of inas nanowires. Nano letters,
11(6):2424–2429, 2011.

[48] M Murayama and T Nakayama. Chemical trend of band offsets at wurtzite/zinc-blende
heterocrystalline semiconductor interfaces. Physical Review B, 49(7):4710, 1994.

[49] N Akopian, G Patriarche, L Liu, J-C Harmand, and V Zwiller. Crystal phase quantum dots.
Nano letters, 10(4):1198–1201, 2010.

[50] Frank Glas, Jean-Christophe Harmand, and Gilles Patriarche. Why does wurtzite form in
nanowires of iii-v zinc blende semiconductors? Physical review letters, 99(14):146101,
2007.

[51] Dimo Kashchiev. Nucleation. Butterworth-Heinemann, 2000.

[52] Torsten Rieger, Mihail Ion Lepsa, Thomas Schäpers, and Detlev Grützmacher. Controlled
wurtzite inclusions in self-catalyzed zinc blende iii–v semiconductor nanowires. Journal of
crystal growth, 378:506–510, 2013.

147



REFERENCES

[53] Abdul Mazid Munshi, Dasa L Dheeraj, Jelena Todorovic, Antonius TJ van Helvoort, Helge
Weman, and Bjørn-Ove Fimland. Crystal phase engineering in self-catalyzed gaas and
gaas/gaassb nanowires grown on si (111). Journal of Crystal Growth, 372:163–169, 2013.

[54] BJ O’Dowd, T Wojtowicz, S Rouvimov, X Liu, R Pimpinella, V Kolkovsky, T Woj-
ciechowski, M Zgirski, M Dobrowolska, IV Shvets, et al. Effect of catalyst diameter on
vapour-liquid-solid growth of gaas nanowires. Journal of Applied Physics, 116(6):063509,
2014.

[55] Peter Krogstrup, Stefano Curiotto, Erik Johnson, Martin Aagesen, Jesper Nygård, and
Dominique Chatain. Impact of the liquid phase shape on the structure of iii-v nanowires.
Physical review letters, 106(12):125505, 2011.

[56] Xuezhe Yu, Hailong Wang, Jun Lu, Jianhua Zhao, Jennifer Misuraca, Peng Xiong, and
Stephan von Molnaár. Evidence for structural phase transitions induced by the triple phase
line shift in self-catalyzed gaas nanowires. Nano letters, 12(10):5436–5442, 2012.

[57] Yiying Wu, Rong Fan, and Peidong Yang. Block-by-block growth of single-crystalline
si/sige superlattice nanowires. Nano Letters, 2(2):83–86, 2002.

[58] CPT Svensson, Werner Seifert, MW Larsson, LR Wallenberg, J Stangl, G Bauer, and Lars
Samuelson. Epitaxially grown gap/gaas1- xpx/gap double heterostructure nanowires for
optical applications. Nanotechnology, 16(6):936, 2005.

[59] Magnus W Larsson, Jakob B Wagner, Mathias Wallin, Paul Håkansson, Linus E Fröberg,
Lars Samuelson, and L Reine Wallenberg. Strain mapping in free-standing heterostructured
wurtzite inas/inp nanowires. Nanotechnology, 18(1):015504, 2006.

[60] Kimberly A Dick, Jessica Bolinsson, B Mattias Borg, and Jonas Johansson. Controlling the
abruptness of axial heterojunctions in iii–v nanowires: beyond the reservoir effect. Nano
letters, 12(6):3200–3206, 2012.

[61] BM Borg, Maria E Messing, Philippe Caroff, Kimberley A Dick, Knut Deppert, and
Lars-Erik Wernersson. Movpe growth and structural charactrization of extremely lattice-
mismatched inp-insb nanowire heterostructures. In Indium Phosphide & Related Materials,
2009. IPRM’09. IEEE International Conference on, pages 249–252. IEEE, 2009.

[62] O Demichel, Martin Heiss, Joel Bleuse, Henri Mariette, and Anna Fontcuberta i Morral.
Impact of surfaces on the optical properties of gaas nanowires. Applied Physics Letters,
97(20):201907, 2010.

148



REFERENCES

[63] Bozhi Tian, Xiaolin Zheng, Thomas J Kempa, Ying Fang, Nanfang Yu, Guihua Yu, Jinlin
Huang, and Charles M Lieber. Coaxial silicon nanowires as solar cells and nanoelectronic
power sources. nature, 449(7164):885, 2007.

[64] S Raychaudhuri and ET Yu. Calculation of critical dimensions for wurtzite and cubic zinc
blende coaxial nanowire heterostructures. Journal of Vacuum Science & Technology B:
Microelectronics and Nanometer Structures Processing, Measurement, and Phenomena,
24(4):2053–2059, 2006.

[65] Lev D Landau and EM Lifshitz. Theory of elasticity, vol. 7. Course of Theoretical Physics,
3:109, 1986.

[66] Daniele Ercolani, Francesca Rossi, Ang Li, Stefano Roddaro, Vincenzo Grillo, Giancarlo
Salviati, Fabio Beltram, and Lucia Sorba. Inas/insb nanowire heterostructures grown by
chemical beam epitaxy. Nanotechnology, 20(50):505605, 2009.

[67] María de la Mata, César Magén, Philippe Caroff, and Jordi Arbiol. Atomic scale strain
relaxation in axial semiconductor iii–v nanowire heterostructures. Nano letters, 14(11):6614–
6620, 2014.

[68] Cesare Frigeri, David Scarpellini, Alexey Fedorov, Sergio Bietti, Claudio Somaschini,
Vincenzo Grillo, Luca Esposito, Marco Salvalaglio, AnnaMarzegalli, FrancescoMontalenti,
et al. Structure, interface abruptness and strain relaxation in self-assisted grown inas/gaas
nanowires. Applied Surface Science, 395:29–36, 2017.

[69] GE Cirlin, VG Dubrovskii, IP Soshnikov, NV Sibirev, Yu B Samsonenko, AD Bouravleuv,
JC Harmand, and F Glas. Critical diameters and temperature domains for mbe growth
of iii–v nanowires on lattice mismatched substrates. physica status solidi (RRL)-Rapid
Research Letters, 3(4):112–114, 2009.

[70] Katsuhiro Tomioka, Tomotaka Tanaka, Shinjiro Hara, Kenji Hiruma, and Takashi Fukui.
Iii–v nanowires on si substrate: selective-area growth and device applications. IEEE Journal
of Selected Topics in Quantum Electronics, 17(4):1112–1129, 2011.

[71] Kimberly A Dick, Suneel Kodambaka, Mark C Reuter, Knut Deppert, Lars Samuelson,
Werner Seifert, L Reine Wallenberg, and Frances M Ross. The morphology of axial and
branched nanowire heterostructures. Nano letters, 7(6):1817–1822, 2007.

[72] Mohanchand Paladugu, Jin Zou, Ya-Nan Guo, Graeme J Auchterlonie, Hannah J Joyce,
Qiang Gao, H Hoe Tan, Chennupati Jagadish, and Yong Kim. Novel growth phenomena
observed in axial inas/gaas nanowire heterostructures. Small, 3(11):1873–1877, 2007.

149



REFERENCES

[73] Mohanchand Paladugu, Jin Zou, Ya-Nan Guo, Xin Zhang, Yong Kim, Hannah J Joyce,
Qiang Gao, H Hoe Tan, and C Jagadish. Nature of heterointerfaces in gaas/inas and
inas/gaas axial nanowire heterostructures. Applied Physics Letters, 93(10):101911, 2008.

[74] Maria E Messing, Jennifer Wong-Leung, Zeila Zanolli, Hannah J Joyce, H Hoe Tan, Qiang
Gao, L Reine Wallenberg, Jonas Johansson, and Chennupati Jagadish. Growth of straight
inas-on-gaas nanowire heterostructures. Nano letters, 11(9):3899–3905, 2011.

[75] Valentina Zannier, Daniele Ercolani, Umesh Prasad Gomes, Jérémy David, Mauro Gemmi,
Vladimir G Dubrovskii, and Lucia Sorba. Catalyst composition tuning: the key for the
growth of straight axial nanowire heterostructures with group iii interchange. Nano letters,
16(11):7183–7190, 2016.

[76] Valentina Zannier, Francesca Rossi, Vladimir G Dubrovskii, Daniele Ercolani, Sergio
Battiato, and Lucia Sorba. Nanoparticle stability in axial inas–inp nanowire heterostructures
with atomically sharp interfaces. Nano letters, 18(1):167–174, 2017.

[77] Na Li, Teh Y Tan, and U Gösele. Transition region width of nanowire hetero-and pn-
junctions grown using vapor–liquid–solid processes. Applied Physics A, 90(4):591–596,
2008.

[78] G Priante. Formation mechanisms of heterostructures and polytypes in iii-v nanowires.
Thesis manuscript, 114 p, 2016.

[79] Trevor E Clark, Pramod Nimmatoori, Kok-Keong Lew, Ling Pan, Joan M Redwing,
and Elizabeth C Dickey. Diameter dependent growth rate and interfacial abruptness in
vapor–liquid–solid si/si1- x ge x heterostructure nanowires. Nano letters, 8(4):1246–1252,
2008.

[80] Giacomo Priante, Gilles Patriarche, Fabrice Oehler, Frank Glas, and Jean-Christophe
Harmand. Abrupt gap/gaas interfaces in self-catalyzed nanowires. Nano letters, 15(9):6036–
6041, 2015.

[81] VG Dubrovskii and NV Sibirev. Factors influencing the interfacial abruptness in axial iii–v
nanowire heterostructures. Crystal Growth & Design, 16(4):2019–2023, 2016.

[82] David Scarpellini, Claudio Somaschini, Alexey Fedorov, Sergio Bietti, Cesare Frigeri,
Vincenzo Grillo, Luca Esposito, Marco Salvalaglio, AnnaMarzegalli, FrancescoMontalenti,
et al. Inas/gaas sharply defined axial heterostructures in self-assisted nanowires. Nano
letters, 15(6):3677–3683, 2015.

150



REFERENCES

[83] Santino D Carnevale, Jing Yang, Patrick J Phillips, Michael J Mills, and Roberto C Myers.
Three-dimensional gan/aln nanowire heterostructures by separating nucleation and growth
processes. Nano letters, 11(2):866–871, 2011.

[84] Hui Huang, Xiaomin Ren, Xian Ye, Jingwei Guo, Qi Wang, Xia Zhang, Shiwei Cai, and
Yongqing Huang. Control of the crystal structure of inas nanowires by tuning contributions
of adatom diffusion. Nanotechnology, 21(47):475602, 2010.

[85] Hannah J Joyce, Jennifer Wong-Leung, Qiang Gao, H Hoe Tan, and Chennupati Jagadish.
Phase perfection in zinc blende and wurtzite iii- v nanowires using basic growth parameters.
Nano letters, 10(3):908–915, 2010.

[86] H Freller and KG Günther. Three-temperature method as an origin of molecular beam
epitaxy. Thin Solid Films, 88(4):291–307, 1982.

[87] JR Arthur and JJ LePore. Gaas, gap, and gaas x p 1- x epitaxial films grown by molecular
beam deposition. Journal of Vacuum Science and Technology, 6(4):545–548, 1969.

[88] AY Cho. Epitaxy by periodic annealing. Surface Science, 17(2):494–503, 1969.

[89] John E Davey and Titus Pankey. Epitaxial gaas films deposited by vacuum evaporation.
Journal of Applied Physics, 39(4):1941–1948, 1968.

[90] W Patrick McCray. Mbe deserves a place in the history books. Nature nanotechnology,
2(5):259, 2007.

[91] AY Cho. Growth of iii–v semiconductors by molecular beam epitaxy and their properties.
Thin Solid Films, 100(4):291–317, 1983.

[92] University of Alberta. Scanning electron microscopy (sem/eds).

[93] MJ Hÿtch, E Snoeck, and R Kilaas. Quantitative measurement of displacement and strain
fields from hrem micrographs. Ultramicroscopy, 74(3):131–146, 1998.

[94] Jean-Luc Rouviere and E Sarigiannidou. Theoretical discussions on the geometrical phase
analysis. Ultramicroscopy, 106(1):1–17, 2005.

[95] Mickel McClish, Richard Farrell, Kofi Vanderpuye, and Kanai S Shah. A reexamination of
silicon avalanche photodiode gain and quantum efficiency. In Nuclear Science Symposium
Conference Record, 2005 IEEE, volume 5, pages 2959–2962. IEEE, 2005.

[96] Yimin Kang, Han-Din Liu, Mike Morse, Mario J Paniccia, Moshe Zadka, Stas Litski,
Gadi Sarid, Alexandre Pauchard, Ying-Hao Kuo, Hui-Wen Chen, et al. Monolithic
germanium/silicon avalanche photodiodes with 340 ghz gain–bandwidth product. Nature
photonics, 3(1):59, 2009.

151



REFERENCES

[97] Oliver Hayden, Ritesh Agarwal, and Charles M Lieber. Nanoscale avalanche photodiodes
for highly sensitive and spatially resolved photon detection. Nature materials, 5(5):352,
2006.

[98] Karla Hillerich, Kimberly A Dick, Cheng-Yen Wen, Mark C Reuter, Suneel Kodambaka,
and Frances M Ross. Strategies to control morphology in hybrid group iii–v/group iv
heterostructure nanowires. Nano letters, 13(3):903–908, 2013.

[99] Sonia Conesa-Boj, Sylvain Dunand, Eleonora Russo-Averchi, Martin Heiss, Daniel Ruffer,
Nicolas Wyrsch, Christophe Ballif, and Anna Fontcuberta i Morral. Hybrid axial and radial
si–gaas heterostructures in nanowires. Nanoscale, 5(20):9633–9639, 2013.

[100] JB Hannon, S Kodambaka, FMRoss, and RMTromp. The influence of the surface migration
of gold on the growth of silicon nanowires. nature, 440(7080):69, 2006.

[101] L Schubert, P Werner, ND Zakharov, G Gerth, FM Kolb, L Long, U Gösele, and TY Tan.
Silicon nanowhiskers grown on< 111> si substrates by molecular-beam epitaxy. Applied
Physics Letters, 84(24):4968–4970, 2004.

[102] Martien I den Hertog, Jean-Luc Rouviere, Florian Dhalluin, Pierre J Desré, Pascal Gentile,
Pierre Ferret, Fabrice Oehler, and Thiery Baron. Control of gold surface diffusion on si
nanowires. Nano letters, 8(5):1544–1550, 2008.

[103] Florian Dhalluin, Pierre J Desre, Martien I den Hertog, Jean-Luc Rouvière, Pierre Ferret,
Pascal Gentile, and Thierry Baron. Critical condition for growth of silicon nanowires.
Journal of Applied Physics, 102(9):094906, 2007.

[104] F Oehler, P Gentile, T Baron, M Den Hertog, J Rouviere, and P Ferret. The morphology
of silicon nanowires grown in the presence of trimethylaluminium. Nanotechnology,
20(24):245602, 2009.

[105] F Dhalluin, T Baron, P Ferret, B Salem, P Gentile, and J-C Harmand. Silicon nanowires:
Diameter dependence of growth rate and delay in growth. Applied Physics Letters,
96(13):133109, 2010.

[106] C-Y Wen, J Tersoff, Karla Hillerich, MC Reuter, JH Park, S Kodambaka, EA Stach, and
FM Ross. Periodically changing morphology of the growth interface in si, ge, and gap
nanowires. Physical review letters, 107(2):025503, 2011.

[107] Takahiro Kawashima, Tatsunori Mizutani, Tohru Nakagawa, Hideo Torii, Tohru Saitoh,
Kazunori Komori, and Minoru Fujii. Control of surface migration of gold particles on si
nanowires. Nano letters, 8(1):362–368, 2008.

152



REFERENCES

[108] RC Henderson. Silicon cleaning with hydrogen peroxide solutions: A high energy electron
diffraction and auger electron spectroscopy study. Journal of the Electrochemical Society,
119(6):772–775, 1972.

[109] K Miki, K Sakamoto, and T Sakamoto. Surface preparation of si substrates for epitaxial
growth. Surface science, 406(1-3):312–327, 1998.

[110] Perrin Walker and William H Tarn. CRC handbook of metal etchants. CRC press, 1990.

[111] A Christou, K Varmazis, and Z Hatzopoulos. High mobility gaas/alas/(211) si structures
grown by mbe. Journal of Crystal Growth, 81(1-4):226–230, 1987.

[112] GSHigashi, RSBecker, YJ Chabal, andAJ Becker. Comparison of si (111) surfaces prepared
using aqueous solutions of nh4f versus hf. Applied physics letters, 58(15):1656–1658,
1991.

[113] M Lublow and HJ Lewerenz. Combined afm and brewster-angle analysis of gradually
etched ultrathin sio2–comparison with srpes results. Surface Science, 601(7):1693–1700,
2007.

[114] M Tchernycheva, JC Harmand, G Patriarche, L Travers, and Ge E Cirlin. Temperature condi-
tions for gaas nanowire formation by au-assisted molecular beam epitaxy. Nanotechnology,
17(16):4025, 2006.

[115] VG Dubrovskii, NV Sibirev, RA Suris, GE Cirlin, JC Harmand, and VMUstinov. Diffusion-
controlled growth of semiconductor nanowires: Vapor pressure versus high vacuum
deposition. Surface science, 601(18):4395–4401, 2007.

[116] Xuezhe Yu, Lixia Li, Hailong Wang, Jiaxing Xiao, Chao Shen, Dong Pan, and Jianhua
Zhao. Two-step fabrication of self-catalyzed ga-based semiconductor nanowires on si by
molecular-beam epitaxy. Nanoscale, 8(20):10615–10621, 2016.

[117] DK Biegelsen, FA Ponce, AJ Smith, and JC Tramontana. Initial stages of epitaxial growth
of gaas on (100) silicon. Journal of applied physics, 61(5):1856–1859, 1987.

[118] S Breuer, M Hilse, A Trampert, L Geelhaar, and H Riechert. Vapor-liquid-solid nucleation
of gaas on si (111): Growth evolution from traces to nanowires. Physical Review B,
82(7):075406, 2010.

[119] FM Ross, J Tersoff, and MC Reuter. Sawtooth faceting in silicon nanowires. Physical
review letters, 95(14):146104, 2005.

153



REFERENCES

[120] Laetitia Vincent, Rym Boukhicha, Cyrille Gardès, Charles Renard, Vy Yam, Frédéric
Fossard, Gilles Patriarche, and Daniel Bouchier. Faceting mechanisms of si nanowires and
gold spreading. Journal of Materials Science, 47(4):1609–1613, 2012.

[121] I.P. Soshnikov, G.E. Cirlin, A.A. Tonkikh, V.N. Nevedomskiı̆, Yu. B. Samsonenko, and
Ustinov V.M. Electron diffraction on gaas nanowhiskers grown on si (100) and si (111)
substrates by molecular-beam epitaxy. Physics of the Solid State, 49(8):1440–1445, 2007.

[122] Soo-Ghang Ihn, Jong-In Song, Tae-Wook Kim, Dong-Seok Leem, Takhee Lee, Sang-Geul
Lee, Eui Kwan Koh, and Kyung Song. Morphology-and orientation-controlled gallium
arsenide nanowires on silicon substrates. Nano letters, 7(1):39–44, 2007.

[123] JH Paek, T Nishiwaki, M Yamaguchi, and N Sawaki. Mbe-vls growth of gaas nanowires on
(111) si substrate. physica status solidi (c), 5(9):2740–2742, 2008.

[124] Aarnoud L Roest, Marcel A Verheijen, Olaf Wunnicke, Stacey Serafin, Harry Won-
dergem, and Erik PAM Bakkers. Position-controlled epitaxial iii–v nanowires on silicon.
Nanotechnology, 17(11):S271, 2006.

[125] Xin-Yu Bao, Cesare Soci, Darija Susac, Jon Bratvold, David PRAplin, WeiWei, Ching-Yang
Chen, Shadi A Dayeh, Karen L Kavanagh, and Deli Wang. Heteroepitaxial growth of
vertical gaas nanowires on si (111) substrates by metal- organic chemical vapor deposition.
Nano letters, 8(11):3755–3760, 2008.

[126] Steffen Breuer. Molecular beam epitaxy of gaas nanowires and their suitability for
optoelectronic applications: Comparing au- and self-assisted growth methods. Doctoral
dissertation, 2011.

[127] JC Harmand, G Patriarche, N Péré-Laperne, MN Merat-Combes, L Travers, and F Glas.
Analysis of vapor-liquid-solid mechanism in au-assisted gaas nanowire growth. Applied
Physics Letters, 87(20):203101, 2005.

[128] B Ressel, KC Prince, S Heun, and Y Homma. Wetting of si surfaces by au–si liquid alloys.
Journal of Applied Physics, 93(7):3886–3892, 2003.

[129] Sung Sakong, Yaojun A Du, and Peter Kratzer. Atomistic modeling of the au droplet–gaas
interface for size-selective nanowire growth. Physical Review B, 88(15):155309, 2013.

[130] MC Plante and RR LaPierre. Control of gaas nanowire morphology and crystal structure.
Nanotechnology, 19(49):495603, 2008.

[131] X Li, H Guo, Z Yin, T Shi, L Wen, Z Zhao, M Liu, W Ma, and Y Wang. Morphology and
crystal structure control of gaas nanowires grown by au-assisted mbe with solid as4 source.
Journal of Crystal Growth, 324(1):82–87, 2011.

154



REFERENCES

[132] Y Nomura, Y Morishita, S Goto, Y Katayama, and T Isu. Surface diffusion length of
ga adatoms on (111) b surfaces during molecular beam epitaxy. Applied physics letters,
64(9):1123–1125, 1994.

[133] Ann I Persson, Magnus W Larsson, Stig Stenström, B Jonas Ohlsson, Lars Samuelson, and
L Reine Wallenberg. Solid-phase diffusion mechanism for gaas nanowire growth. Nature
materials, 3(10):677–681, 2004.

[134] Zhi Zhang, Zhenyu Lu, Hongyi Xu, Pingping Chen, Wei Lu, and Jin Zou. Structure and
quality controlled growth of inas nanowires through catalyst engineering. Nano Research,
7(11):1640–1649, 2014.

[135] DL Dheeraj, AM Munshi, M Scheffler, ATJ van Helvoort, H Weman, and BO Fimland.
Controlling crystal phases in gaas nanowires grown by au-assisted molecular beam epitaxy.
Nanotechnology, 24(1):015601, 2012.

[136] Kenji Hiruma, Hisaya Murakoshi, Masamitsu Yazawa, and Toshio Katsuyama. Self-
organized growth of gaasinas heterostructure nanocylinders by organometallic vapor phase
epitaxy. Journal of Crystal Growth, 163(3):226–231, 1996.

[137] Yan Xin, Zhang Xia, Li Jun-Shuai, Lü Xiao-Long, Ren Xiao-Min, and Huang Yong-Qing.
Growth and characterization of straight inas/gaas nanowire heterostructures on si substrate.
Chinese Physics B, 22(7):076102, 2013.

[138] Maria Tchernycheva, Laurent Travers, Gilles Patriarche, Frank Glas, Jean-Christophe
Harmand, George E Cirlin, and Vladimir G Dubrovskii. Au-assisted molecular beam
epitaxy of inas nanowires: Growth and theoretical analysis. Journal of Applied Physics,
102(9):094313, 2007.

[139] Faustino Martelli, Silvia Rubini, Fauzia Jabeen, Laura Felisari, and Vincenzo Grillo. On
the growth of inas nanowires by molecular beam epitaxy. Journal of Crystal Growth,
323(1):297–300, 2011.

[140] Karen L Kavanagh, Igor Saveliev, Marina Blumin, Greg Swadener, and Harry E Ruda.
Faster radial strain relaxation in inas–gaas core–shell heterowires. Journal of Applied
Physics, 111(4):044301, 2012.

[141] Alexander Kelrich, Ofir Sorias, Yonatan Calahorra, Yaron Kauffmann, Ran Gladstone,
Shimon Cohen, Meir Orenstein, and Dan Ritter. Inp nanoflag growth from a nanowire
template by in situ catalyst manipulation. Nano letters, 16(4):2837–2844, 2016.

155



REFERENCES

[142] S Hertenberger, D Rudolph, J Becker, M Bichler, JJ Finley, G Abstreiter, and G Koblmüller.
Rate-limiting mechanisms in high-temperature growth of catalyst-free inas nanowires with
large thermal stability. Nanotechnology, 23(23):235602, 2012.

[143] Xu-Qiang Shen, Daisuke Kishimoto, and Tatau Nishinaga. Arsenic pressure dependence of
surface diffusion of ga on nonplanar gaas substrates. Japanese journal of applied physics,
33(1R):11, 1994.

[144] Seymur Cahangirov and Salim Ciraci. First-principles study of gaas nanowires. Physical
Review B, 79(16):165118, 2009.

[145] JC González, A Malachias, R Andrade, JC De Sousa, MVB Moreira, AG De Oliveira,
et al. Direct evidences of enhanced ga interdiffusion in inas vertically aligned free-standing
nanowires. Journal of nanoscience and nanotechnology, 9(8):4673–4678, 2009.

[146] R-Ribeiro Andrade, A Malachias, G Kellerman, FR Negreiros, NM Santos, NA Sobolev,
MVB Moreira, AG De Oliveira, and JC González. Experimental evidence and modified
growth model of alloying in in x ga1–x as nanowires. The Journal of Physical Chemistry
C, 116(46):24777–24783, 2012.

[147] Daniel M Lyons, Kevin M Ryan, Michael A Morris, and Justin D Holmes. Tailoring the
optical properties of silicon nanowire arrays through strain. Nano Letters, 2(8):811–816,
2002.

[148] Joël Eymery, Francois Rieutord, Vincent Favre-Nicolin, Odile Robach, Yann-Michel Niquet,
Linus Fröberg, Thomas Mårtensson, and Lars Samuelson. Strain and shape of epitaxial
inas/inp nanowire superlattice measured by grazing incidence x-ray techniques. Nano
letters, 7(9):2596–2601, 2007.

[149] M Hanke, C Eisenschmidt, P Werner, ND Zakharov, F Syrowatka, F Heyroth, P Schäfer,
and O Konovalov. Elastic strain relaxation in axial si/ ge whisker heterostructures. Physical
Review B, 75(16):161303, 2007.

[150] JL Taraci, MJ Hÿtch, T Clement, P Peralta, MR McCartney, Jeff Drucker, and ST Picraux.
Strain mapping in nanowires. Nanotechnology, 16(10):2365, 2005.

[151] Xin Zhang, Benedikt Haas, Jean-Luc Rouvière, Eric Robin, and Bruno Daudin. Growth
mechanism of ingan nano-umbrellas. Nanotechnology, 27(45):455603, 2016.

[152] Javier Grandal, Mingjian Wu, Xiang Kong, Michael Hanke, Emmanouil Dimakis, Lutz
Geelhaar, Henning Riechert, and Achim Trampert. Plan-view transmission electron
microscopy investigation of gaas/(in, ga) as core-shell nanowires. Applied Physics Letters,
105(12):121602, 2014.

156



REFERENCES

[153] Th Kehagias, GP Dimitrakopulos, P Becker, J Kioseoglou, F Furtmayr, T Koukoula,
I Häusler, A Chernikov, S Chatterjee, Th Karakostas, et al. Nanostructure and strain in
ingan/gan superlattices grown in gan nanowires. Nanotechnology, 24(43):435702, 2013.

[154] Javier Bartolomé, Michael Hanke, David van Treeck, and Achim Trampert. Strain driven
shape evolution of stacked (in, ga) n quantum disks embedded in gan nanowires. Nano
letters, 17(8):4654–4660, 2017.

[155] Maria De La Mata, Cesar Magen, Jaume Gazquez, Muhammad Iqbal Bakti Utama, Martin
Heiss, Sergei Lopatin, Florian Furtmayr, Carlos J Fernández-Rojas, Bo Peng, Joan Ramon
Morante, et al. Polarity assignment in znte, gaas, zno, and gan-aln nanowires from direct
dumbbell analysis. Nano letters, 12(5):2579–2586, 2012.

[156] Philippe Caroff, Jakob B Wagner, Kimberly A Dick, Henrik A Nilsson, Mattias Jeppsson,
Knut Deppert, Lars Samuelson, L Reine Wallenberg, and Lars-Erik Wernersson. High-
quality inas/insb nanowire heterostructures grown by metal–organic vapor-phase epitaxy.
Small, 4(7):878–882, 2008.

[157] Lorenzo Lugani, Daniele Ercolani, Francesca Rossi, Giancarlo Salviati, Fabio Beltram, and
Lucia Sorba. Faceting of inas- insb heterostructured nanowires. Crystal Growth & Design,
10(9):4038–4042, 2010.

[158] Kimberly A Dick, Philippe Caroff, Jessica Bolinsson, Maria E Messing, Jonas Johansson,
Knut Deppert, L Reine Wallenberg, and Lars Samuelson. Control of iii–v nanowire
crystal structure by growth parameter tuning. Semiconductor Science and Technology,
25(2):024009, 2010.

[159] MCPlante and RRLaPierre. Growthmechanisms of gaas nanowires by gas source molecular
beam epitaxy. Journal of crystal growth, 286(2):394–399, 2006.

[160] Josef A Czaban, David A Thompson, and Ray R LaPierre. Gaas core- shell nanowires for
photovoltaic applications. Nano letters, 9(1):148–154, 2008.

[161] Jayhoon Chung, Guoda Lian, and Lew Rabenberg. Practical and reproducible mapping
of strains in si devices using geometric phase analysis of annular dark-field images from
scanning transmission electron microscopy. IEEE Electron Device Letters, 31(8):854–856,
2010.

[162] F Oehler, P Gentile, T Baron, P Ferret, M Den Hertog, and J Rouviere. The importance of
the radial growth in the faceting of silicon nanowires. Nano letters, 10(7):2335–2341, 2010.

157



REFERENCES

[163] Siew Li Tan, Yann Genuist, Martien I Den Hertog, Edith Bellet-Amalric, Henri Mariette,
and Nikos T Pelekanos. Highly uniform zinc blende gaas nanowires on si (111) using a
controlled chemical oxide template. Nanotechnology, 28(25):255602, 2017.

[164] Stefan Birner, Tobias Zibold, Till Andlauer, Tillmann Kubis, Matthias Sabathil, Alex
Trellakis, and Peter Vogl. Nextnano: general purpose 3-d simulations. IEEE Transactions
on Electron Devices, 54(9):2137–2142, 2007.

[165] SQ Wang and HQ Ye. First-principles study on elastic properties and phase stability of
iii–v compounds. physica status solidi (b), 240(1):45–54, 2003.

158


	Acknowledgments
	Introduction
	Quantum dot-based single photon sources
	InAs/GaAs nanowire quantum dots: state-of-the-art
	Thesis objectives and content

	General concepts
	Nanowire growth methods
	Crystal structure of III-V semiconductor nanowires
	Nanowire heterostructures

	Experimental methods
	Molecular beam epitaxy
	Electron microscopy
	Geometrical Phase Analysis

	Growth of GaAs-on-Si nanowire heterostructures
	Analysis of the silicon nanowires
	Si nanowire surface preparation prior to GaAs growth
	Growth of GaAs segments on top of Si nanowires
	Structural characterization of Si/GaAs nanowires
	Conclusions and outlook

	Growth of wurtzite GaAs nanowires on Si (111) substrates
	Substrates preparation
	Nucleation of GaAs nanowires on Si substrates
	Influence of the growth temperature
	Influence of the As, Ga fluxes and the overall V/III flux ratio
	Structural characterization of GaAs nanowires
	Conclusions

	Growth of InAs-on-GaAs nanowire heterostructures
	Optimization of the growth protocol
	Influence of the growth temperature on the yield of vertical InAs segments
	Influence of the In flux on the nanowires morphology and InAs-GaAs interface composition
	Study on anomalous formation of a ternary InxGa1-xAs segment
	Conclusions

	Strain distribution in axial InxGa1-xAs-on-GaAs nanowire heterostructures
	Nanowires with diameters below the critical diameter
	Nanowires with diameters above the critical diameter
	Conclusions

	General conclusions and perspectives
	General conclusions
	Perspectives

	List of associated publications
	Appendix
	Voigt notation
	The nature of dislocations in thick nanowires

	References

