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[...] elementary does not mean easy to understand.
Elementary means that very little is required to know
ahead of time in order to understand it,

except to have an infinite amount of intelligence.

— Richard Feynman



Summary

Engineering materials especially at the nanoscale plays an impor-
tant role in the development of quantum technologies. To that effect,
in-plane selective area growth (SAG) of III-V nanowires (NWs) is a
scalable and versatile materials platform that holds great promise for
nanoelectronics and photonics applications. However, achieving the
requisite material characteristics demands a meticulous optimization
of the crystal quality. This critical aspect cannot be overlooked, given
the significant impact it has on device performance and functionality.
As such, crystal quality optimization through in-plane SAG has be-
come a topic of keen research interest in the scientific community, as
it holds the potential to unlock novel and exciting applications.

The first part of the thesis gives a brief introduction to the concepts
of crystal growth associated with the work in this thesis along with
experimental methods implemented. This includes a description of the
crystal symmetry, adatom kinetics to be considered during SAG and
resulting crystal shapes. The methods of SAG substrate fabrication,
atomic force microscopy (AFM), molecular beam epitaxy (MBE) and
electron microscopy are briefly explained.

The second part of this thesis presents the study of MBE grown
GaAs NW arrays on GaAs substrates. For GaAs homo-epitaxy, the
effect of in-plane alignment is studied. The misalignment of SAG NWs
as a result of the tolerances associated with substrate fabrication on
the NW morphology is studied via AFM. The facet roughness of the
NWs is used as a measure of the structural quality. The use of Sb as
a surfactant during GaAs growth is found to have no effect on the
nominally aligned NWs, however, it is found that reducing the NW
length allows for accommodating a small degree of misalignment.
Further, the possibility of engineering the cross-sectional shapes of
GaAs NWs by choice of substrate in-plane and out-of-plane orienta-
tions is presented. To that effect, novel high-index substrates such as
(211) and (311) have been used to grow the NWs. It is found that the
polarity of the substrate, use of Sb as a surfactant and varying SAG
mask dimensions can also modify the NW shape in some cases. This
opens up the possibility to obtain NWs with desired combinations of
facets and corresponding shapes.

The third part of the thesis presents hetero-epitaxy of InAs/GaAs
NWs grown on (311)A substrates. The structural reproducibility of
these NWs across very large arrays has been quantified by perform-
ing AFM on 180 NWs. Varying the growth time and the SAG mask
dimensions results in a variety of NW morphologies. The effect of
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intentional in-plane misalignment on the NW morphology is also
studied and found to change with varying NW width. The NW mor-
phologies obtained via AFM are also supplemented with electron
microscopy methods to analyze the crystal quality and the In and Ga
composition for select dimensions. Finally, the observed structural re-
producibility is substantiated by electrical transport measurements on
NW based field effect transport (NWFET) devices fabricated in a large
scale multiplexer/de-multiplexer set-up operating at cryogenic tem-
peratures. The set-up allows for addressing 128 individual nominally
identical NWs on a single chip and requires 8192 NWFET devices
to function. Additionally, using this set-up, measurements are also
conducted on NWs with varying SAG mask dimensions and in-plane
orientations and the resulting transport characteristics are found to be
directly correlated with the structural and crystal quality of the NWs.

The final part consists of final remarks regarding the entirety of the
thesis and presents some ideas for future exploration.



Resumé

Tekniske materialer, iseer pa nanoskala, spiller en vigtig rolle i udviklin-
gen af kvanteteknologier. Til den effekt er in-plane selektiv arealvaekst
(SAG) af I1I-V nanotrade (NW’er) en skalerbar og alsidig materialeplat-
form, der lover meget for nanoelektronik og fotonikapplikationer. Men
opnaelse af de nedvendige materialeegenskaber kraever en omhyggelig
optimering af krystalkvaliteten. Dette kritiske aspekt kan ikke over-
ses, i betragtning af den betydelige indvirkning, det har pd enhedens
ydeevne og funktionalitet. Som sddan er optimering af krystalkvalitet
gennem in-plane SAG blevet et emne med stor forskningsinteresse i
det videnskabelige samfund, da det rummer potentialet til at 1dse op
for nye og speendende applikationer.

Afhandlingens forste del giver en kort introduktion til begreber-
ne krystalveekst forbundet med arbejdet i dette speciale sammen
med eksperimentelle metoder implementeret. Dette inkluderer en
beskrivelse af krystalsymmetrien, adatomkinetikken, der skal tages
i betragtning under SAG og resulterende krystalformer. Metoderne
til SAG-substratfremstilling, atomkraftmikroskopi (AFM), molekylaer-
strdleepitaksi (MBE) og elektronmikroskopi forklares kort.

Anden del af denne afhandling preesenterer studiet af MBE dyrkede
GaAs NW arrays pa GaAs substrater. For GaAs homo-epitaksi studeres
effekten af in-plane alignment. Fejljusteringen af SAG NW’er som et
resultat af tolerancerne forbundet med substratfremstilling p4 NW-
morfologien studeres via AFM. Facetruheden af NW’erne bruges
som et mal for den strukturelle kvalitet. Anvendelsen af Sb som et
overfladeaktivt middel under GaAs-vaekst har vist sig ikke at have
nogen effekt pd de nominelt justerede NW’er, men det har vist sig, at
reduktion af NW-leengden giver mulighed for at rumme en lille grad
af fejljustering. Yderligere preesenteres muligheden for at konstruere
tveersnitsformerne af GaAs NW'er ved valg af substrat i-plan og out-
of-plan orientering. Til det formal er nye hejindekssubstrater sasom
(211) og (311) blevet brugt til at dyrke NW’erne. Det har vist sig,
at polariteten af substratet, brug af Sb som overfladeaktivt middel og
varierende SAG-maskedimensioner ogsa kan modificere NW-formen i
nogle tilfeelde. Dette dabner mulighed for at opnd NW’er med eonskede
kombinationer af facetter og tilsvarende former.

Den tredje del af afhandlingen praesenterer hetero-epitaxi af InAs/-
GaAs NW’er dyrket pd (311)A-substrater. Den strukturelle repro-
ducerbarhed af disse NWs pa tveers af meget store arrays er blevet
kvantificeret ved at udfere AFM pa 180 NWs. Variering af vaeksttiden
og SAG-maskens dimensioner resulterer i en reekke NW-morfologier.
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Effekten af tilsigtet in-plan misalignment pa NW-morfologien er ogsa
undersogt og fundet at eendre sig med varierende NW-bredde. NW-
morfologierne opnaet via AFM er ogsd suppleret med elektronmi-
kroskopimetoder for at analysere krystalkvaliteten og In- og Ga-
sammensatningen for udvalgte dimensioner. Endelig er den observer-
ede strukturelle reproducerbarhed underbygget af elektriske transport-
malinger pd NW-baserede felteffekttransportanordninger (NWFET)
fremstillet i en storskala multiplexer/de-multiplexer-opseetning, der
opererer ved kryogene temperaturer. Opseetningen giver mulighed
for at adressere 128 individuelle nominelt identiske NW’er pa en en-
kelt chip og kreever 8192 NWFET-enheder for at fungere. Ved hjeelp
af denne opseetning udferes der desuden malinger pd NW’er med
varierende SAG-maskedimensioner og in-plane orienteringer, og de
resulterende transportegenskaber viser sig at vaere direkte korrelerede
med NW’ernes strukturelle og krystalkvalitet.

Den sidste del bestar af afsluttende bemaerkninger vedrerende hele
athandlingen og praesenterer nogle ideer til fremtidig udforskning.

vii



Publications

The thesis incorporates the findings of publications/manuscripts [2]
- [5], presented in a logical and comprehensive fashion. In certain
instances where they offer the most appropriate explanation of the
idea, some sections have been directly quoted or slightly altered from
their original sources.

[1]

[2]

(3]

(4]

(5]

Martin Espifieira Cachaza, Anna Wulff Christensen, Daria Bez-
nasyuk, Tobias Seerkjeer, Morten Hannibal Madsen, Rawa Tanta,
Gunjan Nagda, Sergej Schuwalow, and Peter Krogstrup. “Se-
lective area growth rates of 11I-V nanowires.” In: Phys. Rev.
Mater. 5.9 (Sept. 2021), p. 094601. ISSN: 2475-9953. DOL: 10.1103/
PhysRevMaterials.5.094601.

Gunjan Nagda, Daria V. Beznasyuk, Jesper Nygédrd, and Thomas
Sand Jespersen. “Effect of in-plane alignment on selective area
grown homo-epitaxial nanowires.” In: Nanotechnology (Apr.
2023). ISSN: 0957-4484. DOIL: 10.1088/1361-6528/acca2’.

Dags Olsteins, Gunjan Nagda, Damon J. Carrad, Daria V. Bez-
nasiuk, Christian E. N. Petersen, Sara Marti-Sanchez, Jordi
Arbiol, and Thomas Sand Jespersen. “Cryogenic Multiplex-
ing with Bottom-Up Nanowires.” In: arXiv (Apr. 2023). DOI:
10.48550/arXiv.2304.12765. eprint: 2304.12765.

Gunjan Nagda, Dags Olsteins, Sara Marti-Sadnchez, Daria V.
Beznasiuk, Damon J. Carrad, Christian E. N. Petersen, Jesper
Nygard, Jordi Arbiol, and Thomas Sand Jespersen. “Dimen-
sion dependent electrical transport in planar InAs nanowires.”
Manuscript in preparation.

Gunjan Nagda, Daria V. Beznasiuk, Jesper Nygard, and Thomas
Sand Jespersen. “Shape engineering of in-plane semiconductor
nanowires.” Manuscript in preparation.

viii


https://doi.org/10.1103/PhysRevMaterials.5.094601
https://doi.org/10.1103/PhysRevMaterials.5.094601
https://doi.org/10.1088/1361-6528/acca27
https://doi.org/10.48550/arXiv.2304.12765
2304.12765

Acknowledgments

I thank Peter Krogstrup for giving me the opportunity to work and
live in this beautiful city, work in a beautiful lab with beautiful people.
After an unconventional start at a lab situated away from QDev, amidst
a global pandemic and difficult circumstances, I have managed to find
my way to working with Jesper Nygard. I thank you for welcoming
me into your wonderful group midway into my thesis, for always
being available (even across countries), and for making me feel that
what I do matters. Your guidance has helped me become a better
scientist.

Thomas Sand Jespersen, you are an academic angel, I believe, sent
specially to teach me (and every student who has and will have the
chance to work with you) everything I have learnt in the 2 years that I
have known you. From teaching me to value all data, to comfortably
question everything, to think about the details, to then write about
them in a pedagogical way and to always work at becoming a better
scientist, you have been a ray of sunshine on the days that have felt
darkest.

Daria Beznasyuk, you are a kind soul, who I have been lucky to
work with, after moving to the world of nanowires. You have been by
my side from the beginning, patiently taught me what I did not know,
supported me through challenging times and 100% of the times made
me feel better about failures, professionally and personally. Thank you
for believing in me and also making me understand that if we try, we
will always find an answer.

Dags Olsteins, collaborating with you solidified my confidence
in the materials I grew. You have always patiently answered all my
questions about statistics that I had supposedly learnt 10 years ago,
showed me all the shortcuts in Illustrator and participated in my rants
about most things. Your presence next door will be missed because I
need to find another person who will answer my questions with your
no-judgement approach.

Martin, Anna, Toby: thank you for always being willing to help
and for sharing your infinite wisdom about SAG and for writing
comprehensive theses that I have memorized by now. Cake Thursdays
are still sorely missed.

Dorthe, Jeanette, Maria, Lena, Ingrid and Brian: I would like to
thank all of you for making the most important part of this journey,
also so seamless. There has never been a problem that you have not
helped me with instantaneously.

ix



Michaela, Alisa: It has been a pleasure to work alongside you. Your
creativity and excitement for science is so inspiring. Life at QDev
would have been quite dull without having you around. I hope to
continue our friendship, no matter the distance.

Damon, Asbjern, Joachim, Alex, Rasmus, Shiv: I see you as the
veteran experts of QDev, who have infinite wisdom to share, if only
someone asked. Often enough I have asked, and you have answered
wisely. I aspire to have this wisdom some day. Thank you for always
offering support no matter the problem I approached you with. I
am glad to continue working alongside you, and thankful for your
friendship.

Will, Oscar, Tsung-Lin, Fabrizio, Serwan: thank you for the conver-
sations, where I always came out smarter at the other end.

Jennifer, Tommy, Judith, Sole: You have become my family away
from family. My actual parents seem to think that you have adopted
me and I think they are relived. (so am I)

Harry, Steffen, Zhenhai: I honestly do not think I could have sur-
vived this without you. You are the most wonderful and supportive
colleagues, and somehow even better friends. I will forever be thankful
that the universe conspired to bring you into my life (maybe Python
gods were involved). Everyone deserves cheerleaders like you in their
life, and I can only hope that I have been as good a friend to you as
you have been to me. I love you.

Rikhav, Nisha, Rajal, Amarabati, Eric, Noel, Nishita, Krishna,
Pooja: Our long distance relationship continues and I am so thankful
to each and every one of you for your continued love, support, wisdom
and empathy while I continue to be bad at responding to your texts,
forgetting your birthdays and almost always only calling you because
I have a problem or a joke so specific that no one else in this world
would understand but you.

Daniel, wir haben schwierige Zeiten durchgemacht, aber das dndert
nichts an dem Einfluss, den du auf mein Leben hattest. Danke.

Linnea, I thank you for the guidance and support you have provided
me throughout our time together. Your insights and expertise have
been invaluable in helping me navigate through some difficult times.
I am so grateful to have had the opportunity to work with you and
appreciate all that you have done for me.

Suman Ghosh, Dr. Shyamala Bodhane: thank you for fostering my
curiosity when I was so young, you are the reason I am still studying,
somewhat happily. I also thank Thomas Schapers, who continued the
fostering during my time in Jiilich/Aachen.

Mummy, Pappa, Nanima, Masi, Veda, Masa, Mama, Nana: you
are my world. This thesis would not have been possible without your
infinite support, unconditional love and everlasting ability to motivate
me. You made me who I am, and for that I will forever be grateful.



Contents

II

II1

Introduction 1

1.1 Selective area grown materials: State of the art
1.2 Thesis objectives and organization 5
Background

Crystal Synthesis 9

2.1 Crystal structure 10

2.2 High-index surfaces 11

2.3 Epitaxial interface 12

2.4 Fundamental growth modes 13

2.5 Selective area growth 14

2.6 Crystal shapes 17
Experimental Methods 20
3.1 Substrate fabrication 21

3.2 Molecular beam epitaxy 21
3.3 Atomic force microscopy 23
3.4 Electron microscopy 26

Homo-epitaxy of GaAs

Effect of in-plane alignment 30

4.1 Introduction 31

4.2 Experiment 31

4.3 Origin of misalignment 33

4.4 Material incorporation and facet evolution
4.5 Effect of nanowire length 40

4.6 Effect of Sb as a surfactant 43

4.7 Step edges on side facets 45

4.8 Conclusions 45

Shape Engineering 48

5.1 Introduction 49

5.2 Nanowire faceting on standard substrates
5.3 Nanowire faceting on high-index substrates
5.4 Material incorporation 57

5.5 Conclusions 58

Hetero-epitaxy of InAs

Structural Characteristics 61

6.1 Introduction 62

6.2 Experiment 62

6.3 Reproducibility 68

6.4 Effect of mask dimensions and orientations

38

49
51

72

X1



g a0 =w > <

CONTENTS

6.4.1  Morphology 73
6.4.2 Composition and strain relaxation 8o

6.5 Conclusions 87

Electrical Characteristics 89

7.1 Introduction 90

7.2 Field effect transistors 90

7.3 Multiplexers for large-scale characterization 91
7.4 Reproducibility 92

7.5 Dimension dependent electrical transport 98
7.6 Gate defined quantum dots 102

7.7 Conclusions 104

Final remarks

Conclusions and Outlook 107

Appendix
SAG substrate 111
Growth recipes 113

AFM operating parameters 115

TEM operating parameters 116

Bibliography 117

xii



Introduction

In 1959, Richard Feynman delivered a lecture that would lay the foun-
dation for the field of nanotechnology [1]. His words inspired a new
era of research focused on understanding and manipulating matter
at the atomic and molecular scale. Feynman’s vision was clear: with
unprecedented control over materials, revolutionary advancements in
tields such as medicine, energy production, and electronics could be
made possible.

Feynman’s emphasis on materials science as a critical component of
his vision cannot be overstated. It is through the study of materials
that we investigate the properties and behaviors of substances and
how they can be engineered to achieve specific functions. Alongside
Moore’s law [2], with the advent of nanotechnology, we are now able
to manipulate materials at the atomic level [3] and even electronic
level [4] to create entirely new ways to manipulate material properties.

Quantum materials research has become an exciting and rapidly
growing field, with a multi-faceted interest. In quantum physics, nano-
materials are being used to create novel materials with unique elec-
tronic and optical properties. For instance, graphene, a two-dimensional
material, has attracted significant attention due to its remarkable prop-
erties such as high mobility and tunable electronic properties [5].
Additionally, quantum dots have the potential to revolutionize the
field of quantum computing due to their ability to trap individual
electrons and control spin states [6]. A fundamental understanding
of exotic states of matter [7] that can be tailored as a result of remark-
able technological breakthroughs, is now possible and can help us
better understand the basic principles of physics and chemistry gov-
erning matter at the nanoscale. There has also been a rampant increase
towards applications to quantum information processing [8] and even-
tual integration with existing CMOS technology. In semiconducting
engineering, the properties of nanomaterials can be finely tuned to
develop new devices with improved efficiency, speed, and sensitivity.
For example, carbon nanotubes are being studied for their potential to
replace silicon in electronic devices [9] due to their high conductivity
and flexibility and integration of more than 10,000 devices in single
functional chips has already been realized [10].



1.1 SELECTIVE AREA GROWN MATERIALS: state of the art

With an abundance of available materials and hardware platforms
at our disposal [11], pushing the respective technologies towards their
full potential in applicable settings demands a constant pursuit of
breakthroughs and inventive approaches towards enhancing the very
foundation of the materials that underpin them. Irrespective of the
application, in order to realize the potential of quantum materials,
demonstration of reproducibility and scalability of these materials is
imperative, to ensure that the experiments designed to characterize
the materials can be replicated by other researchers, confirming the
validity and reliability of the findings. This makes the over-arching
goal of enabling the development of practical applications and large-
scale manufacturing and integration into useful inventions, more
realistic.

1.1 Selective area grown materials: State of the art

The epitaxial growth of materials, in particular of III-V semiconductor
nanostructures, from the bottom-up onto a host substrate represents a
highly effective methodology for generating a diverse range of geome-
tries, suitable for implementation in nanoscale electronic, photonic,
and opto-electronic device applications. Figure 1.1 is adapted from a
review about such applications based on selective area epitaxy of III-V
semiconductors [18] and presents the multiple approaches to growth
of nanostructures. The common approach is shown in Fig. 1.1a where
a substrate of choice is processed via nano-fabrication techniques to
host growth within pre-determined regions. The growth techniques,
choice of materials and design decide the structural and transport char-
acteristics of the resulting nanostructures, ranging from an array of
out-of-plane vapor-solid-liquid (VLS) NWs to in-plane networks and
junctions of NWs/nanosheets. Figure 1.1b shows scanning electron
microscopy (SEM) micrographs from various published studies where
selective area epitaxy was implemented to achieve nanostructures in
specific geometries for various semiconductors. For in-plane epitaxy in
most cases, the nanostructure geometry is associated with and limited
by the crystal structure of the host substrate and the desired material
to be grown, along with the symmetries associated, and correspond-
ingly most arrows in the figure correspond to high-symmetry in-plane
directions.

In the context of this thesis, the selective area growth of in-plane
nanostructures will henceforth be referred to as SAG. SAG of III-V
materials has thus far proven to be a flexible and a potentially scalable
method for obtaining deterministic and reproducible in-plane NWs
as a platform for nano-technologies [18]. In particular, SAG using
molecular beam epitaxy (MBE), typically defined by lithographic
techniques not only allows precise control of the position and size of
NWs and the creation of large scale arrays and networks, but under
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Figure 1.1: a A schematic illustration of steps involved in various ways of
implementing selective area epitaxy of materials, resulting in
growth of nanowire and nanosheet arrays and networks. b SEM
micrographs of GaN [12, 13], InP [14], GaAs [15, 16] and InAs
[17] nanostructures realized in various studies. Both sub-figures
are adapted from Yuan et al [18].

optimized growth conditions, also results in a very high quality of
said structures. Unlike conventional metal catalyzed VLS NWs, the
SAG approach obviates time consuming and uncontrolled pick-and-
place steps in device fabrication and enables large scale integration of
nanostructures into complex device geometries [19].

The structural quality of SAG nanostructures depends on the sub-
strate orientation [20], lattice mismatch between the substrate and the
grown material [21], pre-growth substrate annealing methods [21], and
the thermodynamics and kinetics during crystal growth [22]. SAG us-
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ing MBE of semiconductors such as Si has already been reported four
decades ago [23] and for GaAs SAG, facet formation and evolution on
GaAs(011) [24, 25] has been studied and various models of growth
mechanisms have been proposed [15, 22, 26, 27]. SAG of InAs NWs
[20] and nanostructures [14] on InP substrates using chemical beam
epitaxy has been reported, demonstrating different cross-sectional
shapes and facets dependent on the substrate symmetry and growth
parameters. InAs SAG NWs grown on surfactant mediated GaAs(Sb)
[19] and/or InGaAs [21] buffer layers showed an enhanced crystal
quality and improved electron mobility as compared to non-optimized
crystals. However, formation of homogeneous group-III alloys still
remains a challenge owing to facet dependent incorporation [28] and
differing behaviour of group-III elements on the dielectric mask [22].

The effect of substrate fabrication related tolerances on the structural
characteristics of the SAG NWs has not been reported yet. More
importantly, the effect of structural disorder on the electrical transport
is valuable information that allows for improving crystal growth
for NW based devices. Although the correlation between structural
disorder and electrical characteristics has not yet been quantified
for SAG NWs, it is known that nanoscale changes in faceting of
NWs modify the current density in NW devices [29]. Additionally,
growth of subsequent transport-active InGaAs and InAs layers on
such imperfect NWs will likely result in strain inhomogeneity locally
within the crystal which has been reported to have a direct effect on
the resistivity [30].

The effect of the using high-index substrates on the NW geometry
has yet to be established. It is also not know whether the previously
established growth parameters optimized for SAG on standard sub-
strates, can be extended to other substrate orientations. The choice of
using A- and B-polar substrates, combined with the effect of using
Sb as a surfactant, also remains to be compared. Further, informa-
tion about the composition and strain relaxation mechanism for the
subsequent growth of ternany compounds such as InGaAs and hetero-
epitaxy of InAs on high-index substrates is also interesting to study
for applications is electrical transport measurements.

The promise of scalability associated with SAG NWs and NW net-
works has not been demonstrated beyond a few proof-of-principle
based experiments. It also remains to be verified whether NWs are
indeed identical within large scale arrays despite the expected repro-
ducibility of the SAG technique. Thus, there remain a multitude of
challenges that need to be addressed based on the choice of material
platform and associated applications. Perhaps more importantly, there
also exist a multitude of unexplored avenues that could lead to better
results.



1.2 THESIS OBJECTIVES AND ORGANIZATION

1.2 Thesis objectives and organization

One of the main objectives of this thesis has been to investigate the
use of high-index substrates for SAG of GaAs and InAs NWs using
MBE. This included the use of GaAs substrates that are not commonly
used for crystal growth, i.e, (211)A, (211)B, (311)A and (311)B.
It is found that the use of this variety of substrates and choice of in-
plane orientations along with the effect of surfactants during growth
of GaAs NWs generates a matrix of cross-sectional shapes that are
governed by their corresponding symmetries. The second objective
was to study the effect of substrate fabrication related tolerances on
the NW morphology. Even with the use of Sb as a surfactant during
GaAs growth, it is found that NWs above a certain length exhibit
steps on the facets as a result of mis-orientation with respect to the
high-symmetry in-plane directions. The third main objective has been
to demonstrate that the NWs grown using the SAG approach can be
extended to very large arrays. Subsequent structural and electrical
characterization of InAs NWs grown on GaAs buffer layers has been
carried out by conducting AFM and by fabricating NW based field
effect transistor devices that are measured at cryogenic temperatures,
respectively. To that effect, the thesis is divided in 4 parts, arranged in
the following way:

1. Background

This part is divided into 2 chapters:

a) Chapter 2 gives a brief introduction to most of the concepts
required to understand the crystal synthesis in terms of the
SAG approach. More specifically, the details of the kinetics
to be considered during SAG of semiconductor NWs are
presented. An understanding of the cross-sectional shape of
the NWs as a result of the symmetries of the host substrate
and the associated free surface energies is discussed.

b) Chapter 3 gives an introductory understanding of the ex-
perimental techniques associated with the results obtained.
A general method of substrate fabrication for SAG, basics of
MBE growth and the primary characterization techniques
such as atomic force microscopy (AFM) and electron mi-
croscopy are presented.

2. Homo-epitaxy of GaAs

This part is divided into 2 chapters:

a) Chapter 4 overlaps with Publication [2] [31]. It is based
on a detailed study the effect of in-plane alignment of the
GaAs SAG NWs grown on (211)B substrates. The origin
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of fabrication related tolerances that impact the alignment
of the NWs is addressed. The effect of the unintentional
but unavoidable misalignment with respect to the high-
symmetry in-plane directions on the NW morphology is
measured using AFM. The structural quality is found to
be dependent on the NW length for the nominally aligned
NWs. The effect of Sb as a surfactant is tested. Material
incorporation and facet evolution dependent on the in-
plane alignment is also presented.

b) Chapter 5 demonstrates the varying cross-sectional shapes
of GaAs NWs. This is achieved by the choice of substrate
orientation, in-plane orientation as well as use of Sb as a
surfactant. The effect of substrate out-of plane and in-plane
orientations is found to be mostly governed by the crystal
symmetries associated, whereas use of Sb as a surfactant is
also found to affect NW faceting in some cases. Moreover,
the choice of varying mask dimensions for any of the sub-
strates allows to track an evolution of NW growth. AFM is
used as the primary tool for structural characterization of
NWs, with supplementary information from transmission
electron microscopy for select NWs.

3. Hetero-epitaxy of InAs

This part is divided into 2 chapters:

a) Chapter 6 is a detailed study of the structural characteristics
of InAs/GaAs(Sb) dual layers NWs grown on GaAs(311)A
substrates. AFM is the primary tool to obtain NW topogra-
phy from 180 nominally identical NWs to demonstrate the
reproducibility of the NW geometry across a large array of
NWs. Structural characteristics of NW with varying SAG
mask dimensions such as 9 different widths and in-plane
orientations are also quantified with the use of the topo-
graphical data. Misalignment from high symmetry in-plane
orientations even on the order of 0.5° is found to have detri-
mental effect on the NW facet roughness. A select few NW
dimensions are further studied using electron microscopy
techniques to obtain information about the composition,
strain relaxation and quality of the InAs/GaAs(Sb) inter-
face.

b) Chapter 7 addresses the electrical transport characteristics
of the InAs/GaAs(Sb) dual layer NWs grown on GaAs(311)A
substrates discussed in the previous chapter. A multiplexer-
de/multiplexer set-up is realized to enable large scale char-
acterization of the NWs. The characteristics that define
material quality such as electron mobility is extracted from
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NW based field effect devices. The variation in device char-
acteristics such as threshold voltage along with the mobility
is presented with a statistical significance. Finally, measure-
ments of field effect devices based on NWs with varying
SAG mask dimensions shows a substantial correlation with
the NW structure and crystal quality.

4. Final remarks

This part contains the final chapter with concluding remarks
from the entirety of the thesis. Some ideas based on the findings
in this thesis are proposed as a follow-up to these experiments
to understand the material properties better.



Part1

Background

This part presents the concepts of crystal growth to be con-
sidered in context with the selective area growth approach
utilised in the experiments of this thesis. A complete de-
scription of semiconductor growth is not intended to be
presented here due to the extensive nature of the topic.
Instead, a guide to the necessary terminology and concepts
required to interpret the results has been provided. A basic
understanding of the experimental methods used is also
presented.



Crystal Synthesis

III-V semiconductors are a family of materials made up of group III
and group V elements that exhibit semiconducting properties. The
two main crystal structures that these semiconductors show are space
group F43m or commonly known as zincblende (ZB) and space group
P63mc or commonly known as wurtzite (WZ). This chapter presents
the details of the crystallographic structure, especially the high-index
surfaces and the growth mechanisms to be considered for the synthesis
of NWs shown in this thesis.
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2.1 Crystal structure
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Figure 2.1: a Schematic representation of the zincblende (ZB) crystal struc-
ture. b Position of some important planes and their Miller indices
for a cubic crystal structure.

The periodic arrangement of atoms in a crystal determines its crystal
structure, and the smallest repeating group of atoms with all symmetry
elements is the unit cell. There are seven fundamental lattice systems
defined by the angle between their lattice directions and their relative
size. The cubic system is the most symmetrical, with all angles between
lattice parameters being 90°, and all lattice parameters having the
same length. The bulk crystal structure of most III-V semiconductors
is the zincblende (ZB) structure, except for some Ill-nitrides that have
a different structure [32]. From Fig. 2.1a, the ZB structure can be
visualized as two interpenetrating face-centered cubic (FCC) systems
with the second lattice diagonally shifted along a quarter of the unit
cell. It includes an extra atom at the center of each face of the unit
cell, in addition to the atoms at the vertices. The atomic arrangement
is equivalent to a dual base FCC diamond structure with carbon
atoms substituted by group III (green) and group V (red) atoms. The
schematic for the crystal structure was made using the software Vesta
[33]. The name "zincblende" is derived from its archetype, ZnS. GaAs,
InAs, InP and InSb are examples of group III-V compounds that have
a ZB crystal structure.

Figure 2.1b highlights the position of some important planes within
the ZB unit unit cell. Directions and planes in a crystal lattice are
characterized by Miller indices, which are sets of integers. Crystal
directions are written as whole number multiples [h k] of the lattice
parameter and represent unit distances rather than actual distances.
Crystal planes are written as (h k) and are defined by the orthogonal
crystal direction [l k1]. Crystal directions and planes can be grouped
into families written as (hkl) and {hkl}, respectively. The (hkl)
family includes all directions with the same length, for e.g., [100],
[010], and [001], belong to the (100) family of crystal directions.
Similarly, the {hk!} family includes all planes with the same defining
crystal direction, such that (100), (010), and (001) belong to the
{100} family of crystal planes.
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2.2 High-index surfaces

Figure 2.2: Ball and stick model of an ideal, bulk truncated GaAs crystal
along the [011] direction. The lines indicate the (100), (111),
(211) and (311) planes. Figure made using the software Vesta

[33]-

Figure 2.2 shows the atomic arrangement of an ideal, bulk truncated
GaAs crystal along the [011] zone axis, with the (100), (111), (211)
and (311) planes as labelled. The (111) plane is a polar surface where
the position of the Ga or As atom at the surface determines whether
it is A- or B-polar, respectively. The (211) surfaces contain equal
number of Ga and As atoms and the Ga—As bond of the surface atoms
is parallel to the surface. However, they derive their polarity from
the nature of the atom with a broken bond in the second layer which
is an As atom for (211)B (solid line at the top) and a Ga atom for
(211)A (dashed line at the bottom). These atoms lie along the (111)
plane. Low energy electron diffraction (LEED) [34], scanning tunneling
microscopy (STM) [35] and ab initio total-energy calculations using
density functional theory [35, 36] all report that the (211) surfaces are
unstable even under surface reconstruction and instead exhibit facets,
most commonly along the {110}, {111} and {113} planes. However,
the faceting depends largely on the preparation conditions.

For (311) surfaces on the other hand, the Ga—As bond of the surface
atoms is titled. Therefore, there is a Ga atom in the topmost layer of
the (311)A surface (solid line at the top) and an As atom for (311)B
surface (dashed line at the bottom), making these surfaces polar too.
Theoretical calculations unanimously conclude that the (311)A sur-
faces exhibit a very low surface energy under surface reconstruction
and thus, are very stable [36, 37] along with experimental confirmation
from STM and reflection high-energy electron diffraction (RHEED)
[38]. (311)B surfaces are also found to be stable in some studies [39,

40].

11
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2.3 Epitaxial interface

a lattice-matched b pseudomorphic ¢ pseudomorphic d dislocated

b,=a b>a b,=ab<a b,#a b #a

Figure 2.3: Schematic of a free standing crystalline structure consisting of
two layers with a common interface: a A strain-free interface in
the case of lattice-matched layers a = b. Pseudomorphic growth
where elastic strain accommodate a small lattice-mismatch of
either b b, # a or c by # a. d Large lattice-mismatch induced
formation of a misfit dislocation which results in broken atomic
bonds as a strain minimization mechanism. Figure adapted from
the book "Epitaxy of Semiconductors” by Udo Pohl [41].

The growth of desired crystalline materials often requires a host
substrate, which makes the study of epitaxial interfaces important.
It is easier to create an epitaxial interface when two materials have
similar crystal properties. However, due to factors such as lattice mis-
match, diverging thermal-expansion coefficients, and differing crystal
structures, materials usually do not match perfectly [42]. Figure 2.3
demonstrates the atomic arrangement at hetero-epitaxial interfaces of
materials with increasing lattice-mismatch. The lattice mismatch f, is
the relative difference between lattice constants of the two materials,
usually expressed as

a—>b
a

f=

A strain-free interface can be formed in homo-epitaxy, and some-
times in hetero-epitaxy of well-matched materials, where the lattice
constants of the combined materials are identical. However, in most
cases, the lattice constants of two interfacing materials are different.
Low levels of lattice mismatch can be accommodated by elastic strain
(see Fig. 2.3b and c), where the epitaxial film deforms to match the
lattice constant of the substrate. This can cause an opposing lattice
distortion perpendicular to the interface to keep the unit cell volume
constant. This type of growth is known as pseudomorphic.

As seen in Fig. 2.3d, as the lattice mismatch increases further, it is
energetically favorable to form edge-type misfit dislocations, which
break atomic bonds in exchange strain minimization [43]. As the
film thickness of a material combination with a lattice mismatch
increases, the strain energy also increases, eventually resulting in
the formation of misfit dislocations [44, 45]. The critical thickness at

12
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which plastic deformation occurs depends on the degree of lattice
mismatch. Although the formation of misfit dislocations can relieve
some of the strain, residual strain usually persists. In Chapter 6, results
from hetero-epitaxy of InAs-GaAs have been presented, where there
is a considerable lattice mismatch of ~ 7.7%. As a result, all samples
feature misfit dislocations near the interface due to the induced strain.
Additionally, residual elastic strain dependent on the NW dimensions
is also observed.

2.4 Fundamental growth modes

b c
Frank van-der-Mervea olmer-Waber Stranski-Krastanov

time

-m
= A A A

— A =

Layer-by-layer 30 island Layer + 3D island

Figure 2.4: A schematic representation of the three fundamental growth
modes are distinguished, each named after their original investi-
gators. Figure adapted from the book "Epitaxy of Semiconductors’
by Udo Pohl [41].

The growth of crystalline thin films can occur in different modes,
depending on the growth conditions and the properties of the material
and substrate. This section provides a very basic introduction to the
key differences across the different modes, primarily to introduce
the terminology required to refer to results obtained in this thesis.
Figure 2.4 shows a schematic of the three fundamental growth modes
in epitaxy: 2D layer-by-layer growth (a), 3D island growth (b), and a
mixed-mode growth (c).

2D layer-by-layer growth occurs when the adatoms (atoms or molecules

that land on the substrate surface) diffuse and align with the crystal
structure of the substrate. The adatoms attach to the substrate surface,
and subsequently, more adatoms attach to the first layer, forming a
continuous layer with an atomically flat surface. This mode is also
known as the Frank-van der Merwe mode, and it occurs when the
interfacial energy between the substrate and the deposited material is
lower than the cohesive energy of the deposited material [46].

13
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3D island growth mode occurs when the adatoms do not have a
strong affinity to the substrate surface, and instead, they form three-
dimensional clusters or islands on the substrate. The islands grow by
absorbing more adatoms and coalescing with each other. This mode
is also known as the Volmer-Weber mode, and it occurs when the
interfacial energy between the substrate and the deposited material is
larger than the cohesive energy of the deposited material [47].

Mixed-mode growth occurs when the growth mode switches from
2D layer-by-layer to 3D island growth as the thickness of the film
increases. In the initial stages of growth, 2D layer-by-layer growth is
dominant (also known as a wetting layer), however with increasing
thickness, the built up strain within the film makes it energetically
favorable for the adatoms to form islands instead of a continuous layer.
The growth mode then transitions to 3D island growth. This mode
is also known as Stranski-Krastanov growth, and it occurs when the
interfacial energy between the substrate and the deposited material is
close to the cohesive energy of the deposited material [48].

In terms of homogeneity, 2D layer-by-layer growth mode is prefer-
able because it results in a continuous and uniform film with an
atomically flat surface. This mode allows for the precise control of
the film thickness and composition, which is essential for many ap-
plications in electronics and optoelectronics. However, incomplete
wetting of the substrate by the film material is to be expected in almost
every system [49]. On the other hand, 3D island growth mode and
mixed-mode growth mode result in a non-uniform film with islands
or clusters of different sizes and shapes. The film surface may also
be rough due to the coalescence of the islands [50], unless a crystal
re-orientation occurs during growth [51]. These modes are typically
used to create nanostructures or to induce strain in the film, which
can affect its physical and electronic properties. Therefore, the choice
of growth mode depends on the specific application and the desired
properties of the film [52]. If homogeneity is critical for the application,
2D layer-by-layer growth mode is preferred. However, mixed-mode
growth has been successfully utilized for growth of self-assembled
in-plane Ge NWs [53, 54].

2.5 Selective area growth

Selective area growth (SAG) is a promising growth technique that has
been widely investigated due to its potential for control, scalability,
and flexibility in growing large arrays and networks [19, 29, 55, 56].
Although the concept of SAG was first introduced decades ago [23, 24],
it has recently gained renewed attention, due to the unique advantages
it offers over other growth techniques, such as the ability to design
and scale the structures grown. The SAG platform involves covering
the growth substrate with an amorphous mask layer, such as SiO,,
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and opening windows selectively via electron beam lithography for
growth to occur (details about substrate fabrication are presented in
Section 3.1).

The SAG process relies on the principle of selectivity, where growth
is maintained within the exposed regions of the substrate. Achieving
complete selectivity is challenging, as it requires a delicate balance of

desorption and surface diffusion on both the mask and the substrate.

The range of parameters required for complete selectivity is referred
to as the selectivity window, which imposes restrictions on the growth
control parameter space. SAG utilizes an overpressure of the group
V flux, limiting the growth by the group III flux and its kinetics. A
comprehensive study has been performed to determine the selectivity
window for GaAs [57, 58] and is an on-going process for different
materials and smaller dimensions [55, 59, 60].

Alamag < 0: Source
i fj i Alamac = 0: Balance
Alamac > 0: Sink

Fa cVv

Famv Famam Al'amac

Figure 2.5: Top, A schematic representation of the adatom transitions to
consider during selective area growth. Bottom, AFM micrograph
of an array of 4 [011]-oriented NWs on GaAs(100), scale bar
represents 500 nm. Figure adapted from Publication [1] [22].

Figure 2.5 depicts the different adatom transitions to be considered
for SAG of III-V materials. The transitions state kinetics of the adatoms
(T'yp) from initial state « and final state p can be described by the
Arrhenius equation [61]

6
th,B = Pua EXP <_k3$15‘ﬁb)

where kg is the Boltzmann constant, p, is the adatom density at the
initial stage and 6g, if the activation energy required for the transition
to the final state. The different transitions involve adatom diffusion on
the SiO; mask (I'y,,4,,), growing crystal surface (I's,4,), at @ mask-crystal
boundary (I';,,s.), incorporation into the crystal solid phase (I';_,,) or
nucleation to solid phase on the mask (I';,,4,). Adatom desorption from
the mask (I',,4,) and crystal (I';4,) to vapor also occurs, where the
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former is controlled by the substrate temperature (T;,;,) and the latter
is effectively ignored in this study. The exact geometrical and physical
constraints of this model are presented in detail in Publication [1]
[22]. The essential outcome of considering these transitions, i.e., the
relevant term for controlling the growth rate is the flux across the
mask-crystal boundary,

Aranlurri = ramarzi - racamri

If ATy, 4.i < 0, the SAG growth mode is referred to as source, since
the flux of adatoms from the surrounding mask to the growing crystal
is less than the flux of adatoms from the crystal to the mask. The
SAG growth mode is referred to as sink if AT’y , ; > 0. For the growth
parameters considered in this study (see Section 6.4), Ga is observed
to be in the sourcing mode, whereas In has been observed to operate
in the sink mode as has already been observed [22]. Thus, this term is
the effective selective area growth rate that differentiates the material
incorporation in SAG NWs from to planar growths with no mask.

Sample 1 Sample 2

|
5
|
|
|

Sample 2

[011]
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Parasitic growth  Selective area growth No growth

[311]

Figure 2.6: SEM micrographs of [011]-oriented GaAs NWs from: a Sample 1
shows parasitic growth on the SiO; mask. b and ¢ Sample 2 with
NW growth and no growth, respectively.

Figure 2.6 shows [011]-oriented GaAs NWs with identical mask
opening widths. NWs in (a) and (b) are located approximately in
the middle of an array consisting of 50 NWs. Sample 1 (a) shows
NW growth along with parasitic growth on the SiO; mask, referred
to as crystallites. This is only used for a representative purpose, the
reason for the parasitic growth has not been confirmed and could be
related to the growth parameters not chosen to be within the selectivity
window. Sample 2 (b) shows NW growth occurring selectively only
within the mask opening. Sample 2 (c) shows a region where only an
isolated mask opening was designed, and no growth is observed. This
is possible in the case where AT, , ; is negative enough to override
the growth within the exposed substrate. This shows that despite the
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growth parameters chosen to be well within the selectivity window
for Sample 2, the choice of mask dimensions also has a significant
impact on the NW growth. The details of the dependence of mask
dimensions such as NW width (W) and inter-wire distance, pitch (P)
on material incorporation within the NWs has been studied for NWs
grown on standard GaAs(100) substrates [22].

2.6 Crystal shapes

Equilibrium crystal shapes describe the specific shapes that crystals
adopt when they are grown under particular conditions, and they are
influenced by the balance between surface energy () and the energy
associated with the crystal lattice structure. The surface energy is the
energy required to create a new surface in a crystal and depends
on the crystallographic orientation of the surface. The lattice energy,
on the other hand, is the energy associated with the crystal lattice
structure and is related to the inter-atomic interactions in the crystal.
The equilibrium shape of a crystal is the shape that minimizes the total
energy of the crystal system, which is the sum of the surface energy
and the lattice energy. The equilibrium shape is the shape that mini-
mizes the total energy of the crystal system. The Wulff construction
is a geometric construction that enables one to determine the equi-
librium shape of a crystal from crystallographic data and the surface
energies of the crystal faces [41]. The crystal shape is composed of flat
surfaces called crystallographic faces that correspond to the planes
of the crystal lattice. Each face has a specific orientation and surface
energy. The equilibrium shape of a crystal is the shape that includes
all the crystallographic faces with the lowest surface energy, while the
crystallographic faces that are not present in the equilibrium shape
have a higher surface energy and are less stable.

Determining the equilibrium shape of a crystal can be achieved the-
oretically or experimentally. Theoretical methods utilize first principle
calculations [62] that can have different outcomes for different models
[63], and cannot account for the changes caused during actual growth,
or hetero-epitaxial growth [64]. Thus, feedback from experimental
methods is required and involves growing crystals under controlled
conditions and observing and analyzing their shapes.

Under the constraint of SAG, the shape of nanostructures depends
on the substrate symmetry [20] dimensions of the mask design pa-
rameters such as width, length and the proximity to another NW
(pitch); and growth parameters such as substrate temperature, V/III
ratio, use of surfactants, growth rates [22] as well as growth time, sur-
face reconstruction [65] and surface diffusion of adatoms [66]. Under
thermodynamic considerations, the shape of the crystal is decided
by the stability of the facets it can possess [60, 67]. However, this ap-
proach neglects the very active adatom kinetics of the growth process.
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This makes it important to be able to predict the shape and of the
nanostructures in order to tailor experiments based on them.

b

S
(010) (010)

Figure 2.7: a A schematic representation of a cubic crystal that exhibits
multiple facets. Normals from the facets are mapped onto a
sphere, and as shown in b, subsequently mapped on the North or
South pole (N or S), creating the stereographic projection (shaded
circle).

A stereographic projection is a tool used in crystallography to
visualize crystal orientations and their angular relationships projected
onto a two-dimensional plane. Figure 2.7a shows a cubic crystal at the
center of a sphere (the stereographic sphere) where the normals to each
of the crystal faces are mapped onto the sphere in an array of points
referred to as poles. Each point on the sphere therefore represents a
crystal face or plane (and is labelled with the corresponding Miller
index). This is depicted in a simplified way in Fig. 2.7b, with the

shaded circle replacing the crystal, known as the the equatorial circle.

Mapping any point from the sphere onto the north or south pole (N
or S), intersects the equatorial circle, and this circle containing the
angular relations of the different facets for a particular zone axis, is
known as the stereographic projection. The choice of N or S will later
correspond to A-polar or B-polar surfaces.

The dot product between the Miller indices of the NW direction and
any possible facet showing translational symmetry along the NW axis
must be zero, and this information is summarized in stereographic
projections.

Here, the WinWulff software [68] is used to plot the SP of the (100)
and (211) zone axes as shown in Fig. 2.8a and b, respectively. Each
circle represents increments of 10°, with the outermost corresponding
to 90° with respect to the substrate zone axis. The position of each pole
on and around these circles depicts the angle at which that particular
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Figure 2.8: Stereographic projections along different zone axes depicting the
angular relationship between crystal faces of a ZincBlende (ZB)
crystal. The poles represent facets (h k1), and the pole diameter
is proportional to its d-spacing. The angle with respect to the
substrate starts from 0° in the center and increases linearly to 90°
at the perimeter, with each circle representing an increment of
10°. The directions along the outermost circle correspond to the
high-symmetry in-plane NW orientations. The expected faceting
of such NWs is indicated by the poles occurring along the normal
to the NW direction, marked by the same color. Schematics of the
cross-sectional shape of the NWs are shown alongside the high-
symmetry directions for a (100) substrate, b (211)B substrate.

plane exists with respect to the zone axis (substrate orientation) as
well as in between the planes themselves. It should be noted that the
spot diameter is set to be proportional to the d-spacing of an (hk!)
pole. This is a rough approximation, however low hkl-index reflections
(i.e., large d-values) often have stronger intensities than higher hkl-
index reflections (i.e., smaller d-values). Thus, the high-symmetry
in-plane orientations along which nanostructures can be expected to
grow homogeneously for the respective zone axes are depicted on the
outermost circle.

For example, there are 2 high-symmetry orientations for the (211)
zone axis, namely the [011] and [111] and NWs grown along these
directions can possess all the facets that lie on the line orthogonal to it.
The [011]-oriented NW thus exhibits an asymmetric cross-section due
to the angles associated with the {111} type facets it can potentially
manifest. The schematics of the NW cross-sections depicted in Fig. 2.8a
[19, 21] and b are only representative for a set of mask design and
growth parameters.
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Experimental Methods

The success of the SAG process depends heavily on the precise and
consistent fabrication of the mask layer, which must be done without
causing any damage to the underlying substrate when creating win-
dows to define the NW growth regions. Therefore, it is necessary to
use various characterization techniques to evaluate the outcome and
quality of the growth.

In this chapter, the experimental techniques that were employed for
both the pre-growth fabrication of the substrates and the post-growth
characterization of the resulting samples are presented. These tech-
niques were carefully selected to ensure the accuracy and reliability of
the data obtained, and to provide a comprehensive understanding of
the growth process.

The pre-growth fabrication techniques included the deposition of
the mask layer, electron beam lithography, and etching to create the
necessary windows. The post-growth characterization techniques in-
cluded scanning electron microscopy (SEM), transmission electron
microscopy (TEM), electron energy loss spectroscopy (EELS), and
atomic force microscopy (AFM).

Through the use of these techniques, valuable insights into the
growth process and the resulting samples can be obtained. This infor-
mation is critical feedback for the optimization of the SAG mechanism
and the development of more efficient and effective NW growth.
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3.1 SUBSTRATE FABRICATION

3.1 Substrate fabrication

~ N N

1. GaAs substrate 2. SiO, deposition 3. E-beam resist
4. E-beam lithography 5. dry etch SiO, 6. resist strip + O,
+ development plasma clean

Figure 3.1: Schematic of substrate fabrication for SAG.

The steps involved in substrate fabrication for SAG are shown in
Fig. 3.1.

* 1. An epi-ready semi-insulating 2 inch GaAs substrate which is
350 pm thick is used in this study.

* 2. 10nm of SiO, is deposited onto the GaAs substrate using
plasma enhanced chemical vapour deposition as a masking layer.

¢ 3.300nm of CSARI13 resist [69] is spin coated onto the substrate

¢ 4. Standard electron beam lithography (EBL) and subsequent
development is performed to expose regions on the SiO, mask

¢ 5. The exposed regions are then etched using an inductively
coupled plasma of a mixture of tetrafluoromethane (CF;) and
molecular hydrogen (H») thereby exposing the GaAs substrate.

* 6. The resist is removed using standard cleaning procedures
and the substrate is thoroughly cleaned using O, plasma before
transfer to the MBE chamber.

The SAG mask design used in this study consists of arrays of
rectangles with varying length (L), width (W), inter-wire distance (P)
and in-plane orientation (0).

3.2 Molecular beam epitaxy

Molecular beam epitaxy (MBE) is a highly versatile crystal growth tech-
nique for epitaxial layers of various materials, including compound
semiconductors such as InAs and GaAs. MBE was first developed in
1958 and has since undergone substantial improvements [70] in epitax-
ial growth with the aid of understanding growth kinetics, and in-situ
growth monitoring using reflection high-energy electron diffraction
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Figure 3.2: Schematic of a typical MBE chamber showing the most important
components as labelled. Figure adapted from the book "Epitaxy
of Semiconductors” by Udo Pohl [41].

(RHEED). Growth in MBE takes place in an ultra-high vacuum (UHV)
environment, with base pressures in the range of 10~ mbar, enabling
the use of high-purity materials through directional molecular beams
of evaporated or sublimated sources without the need for a carrier
gas.

The samples presented in this work were grown in a Varian GEN II
system. Figure 3.2 depicts a schematic of an MBE system representative
of the one used in this study, with the most important components
labelled. During growth, the substrate is mounted on a temperature-
controlled stage capable of rotation and faces the material sources.
Here, we use solid source effusion cells for the elements of chemical
groups III and V. The effusion cells are surrounded by heating coils
which are used to heat the source and thus emit the material for
growth, with shutters in front of the cells ensuring that material beams
can be shut off within a tenth of a second, allowing for precise control
of material deposition with mono-layer precision. The beam equivalent
pressure and the substrate temperature (Tg,p) are used to control the
overall growth rate. Ty, can be reliably measured using a pyrometer,
and the temperature of the effusion cells ( which determines the beam
flux) is calibrated by a beam flux gauge behind the stage. The substrate
manipulator in this MBE system can be rotated such that the gauge sits
in the exact location of where the substrate would be, thus ensuring
very precise flux measurements.

To maintain the high level of purity inside the MBE system, a series
of interconnected chambers are used, which allows for cleaning of
the introduced sample by heating (in the loadlock) and removal of
native oxide layers (transfer tunnel) from the surface of the III-V
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semiconductor substrate before growth. Also, a liquid nitrogen (LN>)
cooling shroud is installed at the walls of the UHV chamber, which
acts as a cold trap, improving the vacuum (background pressure) and
adsorbing all the remaining atoms that are not absorbed by the sample.
This generates temperature gradients of hundreds of degree celcius
within the chamber to offer the cleanest possible growth conditions
with atomic flux mean free paths of ~ 1m [71].

A RHEED setup within the MBE chamber allows for the in-situ
monitoring of growth. It consists of an electron gun pointed at a
grazing angle on the substrate. The RHEED pattern created by the
diffracted electrons describes the surface or the first few MLs of the
growing structures, providing information on the formation of planes
of atomic roughness, as well as crystal information such as the lattice
parameter, which can be used to determine the incorporation rate of
different materials into compound structures [72]. RHEED is difficult
to perform for SAG because majority of the substrate is covered with
the amorphous SiO,, however, in this case it is still very useful for
calibration of growth rates.

3.3 Atomic force microscopy

Atomic force microscopy (AFM) is used as the primary tool for obtain-
ing the topography of SAG substrates pre-MBE growth to determine
the cleanliness of the sample, and post-MBE growth to study the SAG
NWs in this work.

Plezoelactc
StannEr

Figure 3.3: Schematic of a typical atomic force microscope (AFM) with optical
detection of the deflection of a micro-cantilever. Figure adapted
from Wikipedia [73].

AFM is a type of scanning probe microscopy that can image the
surface of a material with sub-nanometer resolution in some cases.
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The AFM probe, which is typically a small cantilever with a sharp
tip, is brought into very close proximity to the surface being imaged,
allowing the tip to interact with the material’s surface forces. As the
tip is scanned over the surface, the interaction forces between the tip
and the surface are measured, and this information is used to create
a high-resolution topographical image of the surface.The set-up for
atomic force microscopy consists of a tip attached to a cantilever with
a reflective backside, a laser, and a quadrant photo detector as seen
in Fig. 3.3. A feedback loop (not depicted here) controls the motion
of the cantilever through a piezo-element, depending on the mode of
operation. The forces sensed by the scanning probe vary depending on
the tip-sample distance and can be long- or short-range. The Lennard-
Jones potential [74] is often used to model atomic forces and is a
first-order approximation described by the function

(¥) (%)

UL] = —4U0 (31)

A graphical representation of the Lennard-Jones potential can be
seen in Fig. 3.4. At r = R,, the potential is zero and has a minimum
value of U, at the dashed line. Uy ranges from repulsive forces in the
highlighted region on the left of the dashed line to attractive forces on
the right as seen in Fig. 3.4, indicating the forces experienced by the
probe. At large distances, the potential goes to zero as expected, re-
flecting the range limit of the forces. The regime of operation depends
on the imaging mode, with contact mode operating in the repulsive
regime and tapping mode in the attractive regime.

Potential

c
o

R, tip-sample distance (r)

Figure 3.4: The Lennard-Jones potential Uy, which is zero at r = R; and has
a minimum value of U,. The highlighted region (left) represents
repulsive forces and the region on the right represents attractive
forces experienced by the probe. The potential goes to zero at
large distances, indicating the range limit of atomic forces. Figure
adapted from the textbook ‘Scanning Probe Microscopy’ by Bert
Voigtlander [74].
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3.3 ATOMIC FORCE MICROSCOPY

A Bruker Dimension Icon AFM system operating in the ScanAsyst
Air (SAA) has been utilized to measure all samples in this thesis.
Bruker’s AFM systems offer the SAA imaging mode, an intermediate
contact mode that makes contact with the sample while oscillating
the cantilever above the surface [75]. During imaging, force-distance
curves are acquired at every measured point. SAA operation involves
oscillating the cantilever at a low frequency of (1 — 2kHz) relative
to its resonance frequency, causing the tip to snap in and out of
contact with the surface, resulting in force curves that are sensitive
and optimally operated using a soft cantilever. Force-distance curves
provide information about the quality of the sample by measuring
adhesion as the tip snaps out of contact. In SAA, the AFM system
automatically adjusts the imaging parameters such as the scan speed,
the set-point (the distance between the tip and the surface), and the
gain (the sensitivity of the feedback loop) based on the properties of
the sample being imaged. As the probe scans over the surface, the
system monitors the interaction forces between the tip and the surface,
and adjusts the imaging parameters in real time to optimize the image
quality. A detailed description of scanning artefacts, analysis of the
force-curve [76] data has been presented in Anna Wulff Christensen’s
Master thesis [77].

Some key terms essential to operating the AFM tool are listed below:

¢ Cantilever: A small, flexible beam used as the AFM probe. The
cantilever is typically made of Si or SiN, and is coated with a
thin layer of metal to make it conductive.

¢ Tip: The sharp end of the cantilever, which interacts with the
material being imaged. The tip is typically made of a hard
material, SiN in this case.

¢ Piezoelectric scanner: A device that can move the AFM probe
with very high precision. The scanner is typically made of a
stack of piezoelectric crystals that can expand or contract in
response to an applied voltage, allowing for precise movement
of the probe in the all three directions.

¢ Feedback loop: A mechanism that keeps the distance between
the tip and the surface constant during imaging. As the probe
scans over the surface, the interaction forces between the tip and
the surface change, and the feedback loop adjusts the position
of the piezoelectric scanner to keep the distance between the tip
and the surface constant.

¢ Force spectroscopy: A technique used to measure the interac-
tion forces between the tip and the surface. The cantilever is
typically oscillated at a fixed frequency, and the amplitude of
the oscillation is measured as the tip interacts with the surface.
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3.4 ELECTRON MICROSCOPY

By analyzing the change in amplitude as a function of distance
between the tip and the surface, the interaction forces can be
measured.

* Scan rate: The scan rate is the speed at which the AFM probe
scans over the surface being imaged. The scan rate is typically
expressed in units of distance per unit time (nm/s). The scan
rate can affect the quality of the image, with faster scan rates
resulting in lower resolution images, but with a higher risk of
damaging the sample.

¢ Resolution: The resolution of an AFM image is the smallest
feature size that can be resolved by the imaging system. The
resolution is determined by several factors, including the size
of the tip, the interaction forces between the tip and the surface,
and the noise in the measurement. The resolution is typically
expressed in units of distance (e.g. nm), and can range from a
few nm to sub-A resolution, depending on the specific AFM
system.

¢ Samples/line: The number of samples per line is the number
of data points collected along a single scan line. This parameter
affects the level of detail in the image, with higher numbers
of samples per line resulting in more detailed images, but also
requiring longer scan times and generating larger datasets.

In general, optimizing these parameters involves a trade-off between
imaging speed and image quality. Higher scan rates can produce faster
images but may result in lower resolution, while higher resolutions
and numbers of samples per line will produce more detailed images
but may require longer scanning times. The AFM operating parameters
using Bruker’s SAA mode of operation have been presented in the
Appendix C.

3.4 Electron microscopy

Electron microscopy is a technique used to study the structure and
composition of materials at the atomic scale. This technique uses a
beam of electrons instead of light to image the sample, providing a
much higher resolution than traditional light microscopy. The electron
beam has a much shorter wavelength (in the order of picometers) than
light, which allows for imaging of much smaller features. Simply put,
the electron energy, sample thickness, type of detector are some of the
key factors that differ in the different electron microscopy techniques.

Figure 3.5 shows a schematic of a scanning electron microscope.
SEM is a type of electron microscopy that involves scanning a focused
electron beam over the sample’s surface. The electrons in the beam
interact with the atoms in the sample, and this interaction produces
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Electron Gun
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(accelerator)

Magnetic

lenses Detector

Figure 3.5: A simplified schematic of a scanning electron microscope, indi-
cating the important components involved in operation. Figure
adapted from [78].

signals that are detected and used to form an image. The following
modes of electron microscopy were not conducted by me. The details
of the mode of operation can be found in standard textbooks [79, 8o].
Hence only a brief description of the kind of information that can
obtained from different techniques that were used in this thesis to
analyse the crystal structure of the SAG NWs has be been presented
in the following:

Transmission Electron Microscopy (TEM) involves transmitting a
beam of electrons through a thin sample (a lamella of the sample is
prepared using focused ion beam [81]) to produce an image of the
sample’s internal structure. TEM can provide high-resolution imaging
of the internal structure of materials, including their crystal structure
and defects [82]. TEM is particularly useful for studying the atomic
structure of materials, as it can provide information on crystal defects
and other nanoscale features.

High-Angle Annular Dark-Field Scanning Transmission Electron
Microscopy (HAADF-STEM) is a specialized type of STEM that uses a
high-angle annular dark-field detector to image the sample. HAADEF-
STEM is particularly useful for studying the atomic structure and
composition of materials, as it can provide information about the
atomic number of individual atoms and their arrangement in the
sample. In HAADF-STEM, the detector detects scattered electrons at
high angles, which produces a bright image of heavy elements and a
dark image of light elements.

Geometric phase analysis (GPA), dilatation and rotation maps are
advanced techniques used in electron microscopy to study the crystal-
lographic orientation and deformation of materials at the atomic scale.
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3.4 ELECTRON MICROSCOPY

These methods involve the analysis of diffraction patterns produced
by the interaction of electrons with the crystal structure of the material,
and they are particularly useful for understanding the mechanical and
structural properties of materials. Using GPA, stacking faults can be
identified by the presence of extra spots or streaks in the diffraction
pattern that do not correspond to any known crystallographic planes.
These extra spots or streaks are caused by the scattering of electrons
at the stacking faults, and their presence indicates the presence of
a stacking fault in the crystal. There are other types of crystal de-
formities that can be identified using these techniques. For example,
dislocations, which are lattice defects that result from the deformation
of the material, can be visualized in GPA analysis as bright lines in
the diffraction pattern.

Dilatation and rotation maps are advanced imaging techniques that
can provide information about the local strain and deformation of a
material. These techniques involve the comparison of atomic positions
between different images to calculate the displacement of atoms and
the resulting deformation. Dilatation maps can reveal areas of the
material that are under stress or have undergone plastic deformation,
while rotation maps can reveal the presence of grain boundaries and
the distribution of rotations in the crystal structure. Dilatation and
rotation maps can also reveal the presence of stacking faults. In a
dilatation map, a stacking fault will appear as a region of high strain
where there is a change in the stacking sequence. In a rotation map, a
stacking fault will appear as a region where there is a change in the
crystallographic orientation.

Details about the lamella preparation and TEM operating parame-
ters are presented in Appendix D.
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Part 11

Homo-epitaxy of GaAs

The selective area growth of homo-epitaxial pure GaAs and
surfactant-mediated GaAs(Sb) nanowires is presented in
this part. The significance of considering fabrication related
tolerances for nanowire design is discussed. The nanowire
length is found to be have an effect on the morphology of
the nominally aligned nanowires. The results of nanowires
grown on novel high-index substrates discussed. It is found
that the substrate out-of-plane and in-plane orientation,
polarity, and the use of Sb as a surfactant during GaAs
growth can be leveraged to engineer the nanowire shape.
Moreover, the effect of varying the SAG mask dimensions
allows for the tracking of the GaAs growth stages.



Effect of in-plane alignment

The results presented in this chapter overlap with publication [2] [31]:
Effect of in-plane alignment on homoepitaxial nanowires

G Nagda, D V Beznasyuk, ] Nygard, T S Jespersen
Nanotechnology (2023)
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4.1 INTRODUCTION

4.1 Introduction

SAG is lithographically defined, making it technically possible to
define a template with a very large degree of flexibility and along any
in-plane direction. It is therefore important to understand the influence
of substrate symmetry for the resulting crystal growth. The scalability
of SAG comes with the price of NWs being epitaxially connected to
the substrate along the entire length. This makes the crystals highly
sensitive to interface and surface quality and this remains an on-
going challenge to be overcome compared to out-of-plane NW growth.
Further, as discussed below, the tolerances of materials and processes
lead to some degree of uncertainty in aligning SAG patterns to the
symmetry of the substrate and the consequences need to be addressed.
This chapter presents a systematic study of the effect of mis-orientation
on MBE grown homoepitaxial GaAs and surfactant mediated GaAs(Sb)
SAG NWs on GaAs(211)B. Under optimized growth conditions, the
structure of SAG NWs is found to be dependent on the substrate sym-
metry and limited by the mis-orientation between the NW axis and
the high symmetry directions of the substrate. This mis-orientation
is unavoidable due to the tolerance of substrate manufacturing and
fabrication methods. Although such tolerance and mis-orientation
is small, its effect is amplified in growth of long SAG NWs due to
the epitaxial registry between NW and substrate. As will be seen in
the following sections, increasing mis-orientation leads to increasing
formation of discrete crystal steps on the NW facets. The effect NW
length and the use of Sb as a surfactant are studied in order to deter-
mine their influence on the NW morphology, to circumvent the effect
of misalignment.

4.2 Experiment

Using a previously established range of parameters ensuring growth
on the exposed GaAs substrate without parasitic growth on the SiO;
mask [55], GaAs and GaAs(Sb) NWs are grown at a substrate temper-
ature of Ty,;, = 600°C and a Ga growth rate of 0.1 ML/s for 30 min
corresponding to ~ 50nm of planar GaAs growth on a GaAs(100)
substrate. An As/Ga ratio of 9 and Sb/Ga ratio of 3 is used for GaAs
and GaAs(Sb) growths, respectively, ensuring growth rates determined
by the Ga flux. Figure 4.1 shows a top-view atomic force micrograph of
a section of a circular array of GaAs(Sb) NWs grown on GaAs(211)B.
Since there is no parasitic growth observed on the SiO, surrounding
the NWs, it is concluded that the influence of the substrate orienta-
tion on the selectivity window is not significant and implies that the
growth conditions used for this sample lie well within the already
established selectivity window for GaAs growth on GaAs(100) [55].
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Figure 4.1: Top-view atomic force micrograph of GaAs(Sb) NWs grown on
GaAs(211)B. No parasitic growth is observed on the SiO, mask.

For this study, a GaAs(211)B substrate with a diameter of 2 inches
was processed with identical patterns repeated on four quarters. The
pattern consists of NW openings with different lengths and ang]les.
Following the fabrication, the wafer was cleaved into quarters and
two samples were grown; one with GaAs and one with GaAs(Sb). The
samples thus have the same fabrication-related tolerances, and the
resulting [111]-oriented NWs were systematically characterized using
scanning electron microscopy (SEM) and atomic force microscopy
(AFM). Individual steps on the NW facets were identified by perform-
ing AFM along the NW. Details of the AFM operating parameters are
included in Appendix C.

The [111] oriented NWs on GaAs(211)B which exhibit a symmet-
ric cross-section bound by {110} facets are investigated to study
the influence of mis-orientation and quantify the structural morphol-
ogy of the NW in terms of facet roughness (S;). Information about
material incorporation in SAG NWs is obtained by studying the vol-
ume dependence of the NWs on the in-plane orientation. Changing
cross-sectional shapes of the NWs oriented between high-symmetry
in-plane orientations provides information about the facet evolution.
The effect of NW length on the morphology shows that for a given
mis-orientation, there is a length scale for which the discontinuities in
the NW facets are minimized. It is found that as previously reported
for standard (100) substrates [19], Sb also has a surfactant effect dur-
ing GaAs growth on the (211)B orientation. A smoother NW surface
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4.3 ORIGIN OF MISALIGNMENT

can be achieved for largely misaligned NWs, however, it is found
to have a negligible effect at small misalignment. Such information
may be used for directing design of e.g. electrical devices sensitive to
crystal imperfections.

4.3 Origin of misalignment

a GaAs substrate b top-view schematic

I sio;mask [ ] SAGNW

© [hkI]

—@ high-symmetry directions

| mask opening

major flat
with error

steps

confined within the SiO
pd mask opening ?

/ \ over-growth

virtual alignment marks on SiO, mask

Figure 4.2: a Top-view schematic of a substrate indicating typical errors in
out-of-plane orientation (color gradient) and the orientation of the
major flat (green line) along with the co-ordinate system used for
lithographic processes. b Top-view schematic of SAG NWs that
are aligned (no steps) and misaligned (with steps) with respect
to a high-symmetry in-plane orientation.

A typical GaAs substrate received from the manufacturer comes
with a margin of error with respect to the specified out-of-plane (sub-
strate surface) and in-plane (major flat) orientations. This is illustrated
in the top-view schematic in Fig. 4.4b where the the color gradient
depicts a hypothetical error in the out-of-plane orientation relative to
the specifications (¢) from left to right and the green line illustrates the
supplied major flat which is mis-oriented by an angle 6 with respect
to the actual crystal direction. An out-of-plane mis-orientation (¢ # 0)
leads to step edges on the surface. While this is beneficial for planar
growth since it promotes the layer-like growth [83], it might also lead
to height variations in NWs grown in-plane.

Figure 4.3 shows the height maxima (zmax) of [111]-oriented GaAs
and GaAs(Sb) NWs along a length of 4um, from AFM data. The NW
height at approximately the top facet, along the entire length shows
that excluding the end facets, the GaAs(Sb) NW maintains the same
height along a length of 4um as opposed to the pure GaAs NW. A
possible explanation for this is that for the GaAs case, there might
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4.3 ORIGIN OF MISALIGNMENT

be more nucleation sites and hence simultaneous crystal growth at
multiple sites might lead to inhomogeneity in the amount of material
incorporated. Thus, out-of-plane mis-orientation is not considered for
the remainder of the analysis.

a
)‘adatom > LNW
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R 0 1 —[111] GaAs(Sb)
0 1 2 3 4
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Figure 4.3: NW height (zmax) profile extracted at the maxima from AFM data,
along a length of 4ym for both GaAs and GaAs(Sb) NWs.

For SAG NWs used in this study, the trench openings in the 5iO,
mask impose a constraint on the growth dynamics that are nanoscale
in one dimension (trench width) and several microns long in the
other (trench length). The NW facets that develop during growth
are dependent on the orientation of the trench openings along the
length. In-plane misalignment of the trench openings for NW growth is
caused by external misalignment due to manufacturing errors during
wafer flat grinding and internal misalignment due to the tolerance of
lithographic procedures. The external misalignment for the substrates
used in this study as provided by the manufacturer is maximally
£0.1°. Assuming that errors in stage movement during electron beam
lithography due to thermal drift and precision of the tool itself are
negligible, the major contribution to internal misalignment still comes
from the error in determining the edge of the major flat which is used
to align the mask design with virtual alignment marks with respect
to the major flat (see Fig. 4.4b). This is because the flat grinding and
polishing processes will not result in atomically flat edges and surfaces
[84] leading to ambiguity in placement of the alignment marks. The
maximal error in determining the major flat edge as a result of rounded
edges of the substrate is estimated to be 0.4°. Typically, the substrates
from the same manufacturing batch will have the same external error
and the varying internal error in between different lithographic runs
and the total misalignment will be the combined result of both, i.e.,
£0.5°. The resulting trench openings will thus be misaligned with
respect to the high symmetry in-plane directions.

Due to the epitaxial connection between the substrate and the SAG
NW, misalignment of the NW results in sections of the NW over-
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4.3 ORIGIN OF MISALIGNMENT

growing on the SiO, mask, in order to maintain the NW facets with
low surface energy. Since the crystal does not grow epitaxially on the
SiO, mask, the overgrowth occurs in segments, as illustrated in the
top-view schematic in Fig. 4.4c of a perfectly aligned NW and one
that has a misalignment with respect to the high-symmetry in-plane
direction. The distance at which it becomes energetically unfavourable
for the crystal to grow on the mask, the NW facet forms a step towards
the trench axis and this repeats along the NW length.
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Figure 4.4: a a 40°-tilted SEM image of a series of GaAs(Sb) NWs oriented
along the [111] direction and in increments of 3° on GaAs(211)B.
The overlaid schematic highlights the geometric parameters rele-
vant for calculating the angle of mis-orientation. b Facet rough-
ness S, for the inner (outer) NW facets facing toward (away from)
the [111]-oriented NW as a function of in-plane orientation.

Figure 4.4a shows a 40°-tilted SEM image of GaAs(Sb) NWs on
GaAs(211)B. The middle NW is nominally aligned along the [111]
direction and bound by {110}-type facets. The surrounding NWs
are oriented along 0 = £3°, £6°. The NWs aligned at 3° and 6° show
growth in segments separated by steps on the inclined facets (indicated
by arrows, and emphasized by the black outline) and these segments
become shorter with increasing mis-orientation. In the following, a
NW segment of length L (excluding the end facets) is considered,
where the step-height along the facet is denoted as i and number
of steps as n (Fig. 4.4a). The angle of mis-orientation 6 for a NW
can be deduced using geometry: 6 = tan_l(%) where the total step
displacement, d = I’ x n, where I’ is the projection of / onto the
substrate plane. The parameters n and & were determined through
careful analysis of high-resolution AFM topographic maps.

Image processing tools within Python are used for AFM data analy-
sis. A typical AFM image of approximately [111]-oriented NWs on a
GaAs(211)B substrate is shown in Fig. 4.5a. Such an image is used
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Figure 4.5: NW detection from AFM data and step-height analysis a A
typical AFM image of approximately [111]-oriented NWs on
a GaAs(211)B substrate. Using Python image analysis, the NWs
are detected as individual objects for further analysis. b An inten-
tionally 6° misoriented NW (left), the same NW rotated to align
the y axis (right), cross-sectional profiles (bottom) at the two ends
of the NW depict the overgrowth of the NW on the SiO, mask as
a result of the in-plane misorientation.

to obtain information about the NW topography such as step height
h and number of steps n. Most of the image processing tools were
obtained from scikit-image processing [85]. As an example, the NW
highlighted in the red box in Fig. 4.5a is considered. Using a rota-
tion function, it is aligned to the vertical axis as shown in Fig. 4.5b.
Overgrowth on either side of the mask opening can be seen by com-
paring profiles across the width at the two ends of the NW in Fig. 4.5b
(bottom).

Next, the [111]-oriented NW (depicted in the magenta box in
Fig. 4.6a) is considered to estimate the degree of misalignment. This
requires accurately measuring the number of steps formed on the NW
facets. A series of 10 line profiles taken along one of the facets of the
NW (black arrow) are offset to the mean value and plotted in Fig. 4.6b
panel (i).

The step height extracted from such a profile is inaccurate due to:
an overall slope along the length of the NW due the height variation
along the length, an additional slope induced by the tilted line profile
[86]. Correcting the profile for the overall slope by subtracting the
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Figure 4.6: a Nominally alignhed NW under consideration to estimate the
degree on misalignment. b(i) A typical averaged profile along one
facet of the NW, (ii) overall slope subtracted from the mean profile,
(iii) profile rotated such that the facets are aligned horizontally,
(iv) differentiated profile from (iii), (v) corresponding histogram
of profile in (iii).

line-fit from the data shown in panel (i), results in the profile showed
in panel (ii) of Fig. 4.6b. Further, smoothing the data over 101 points
using the Savitzky Golay filter [87] and using a rotate function until
the terraces are horizontal, results in a profile shown in panel (iii)
of Fig. 4.6b. The sharpness of its corresponding histogram shown in
panel (iv) is used as a way to attain accurate rotation of the profile, as
well as the total displacement d. Differentiating the profile data from
panel (iii) and results in panel (iv) on which a peak finding function
is used to gives n. This method is implemented on all the AFM data
presented in this study.

Using this, 8 = 0.26° & 0.04° is obtained as a misalignment of the
nominally [11 1]-oriented NW from the real [111] direction of the sub-
strate. Here the error is due to the accuracy of Ad = 2nm in measuring
the total step displacement. The value for 6 is thus consistent with the
tolerances of experimentally determining the in-plane orientation of
the substrate.

The step density on the NWs facets is also quantified as the root
mean square (RMS) facet roughness (S;), which is extracted using
AFM. Figure 4.4b depicts S, for the inner (outer) NW facets facing to-
ward (away from) the [111]-oriented NW as a function of in-plane ori-
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4.4 MATERIAL INCORPORATION AND FACET EVOLUTION

entation. Increasing number of steps with increasing mis-orientation re-
sults in a larger S, and is minimized for the nominally [11 1]-oriented
NW. Two ways to minimize S, are proposed: finding the length scale
for which NWs can grow step-free despite an in-plane misalignment
and secondly, the use of Sb as a surfactant during GaAs growth to
suppress step formation. In the following section, the effect of in-plane
orientation on material incorporation and facet evolution of GaAs(Sb)
NWs grown on GaAs(211)B is investigated.

4.4 Material incorporation and facet evolution

Electrical characteristics of SAG NWs have been known to depend on
the structural characteristics such as NW and facet orientations [20].
The faceting of NWs depends on the substrate symmetry and growth
conditions and in turn also affects the growth dynamics. Thus, the
effect of in-plane orientation on the material incorporation in NWs is
investigated next.

N

17 ym

17 ym

Figure 4.7: a A 17 x 17 um*> AFM topography of 120 GaAs(Sb) NWs that are
positioned in a circular array. The SiO, mask is levelled to be at
zero, and the NW volume is extracted from a 2y m long segment
of the NWs (the region in between the two circles).

We obtain a 17 x 17 um? AFM scan that includes the entire circular
array of 120 GaAs(Sb) NWs (see Fig. 4.7a). To eliminate the possibility
of scanning artefacts, the array is imaged twice, parallel to the [111]
and the [011] direction. The image is then levelled such that the
SiO, mask resides at zero. The volume is extracted from a 2 ym long
segment from approximately the middle of the NWs (the region
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4.4 MATERIAL INCORPORATION AND FACET EVOLUTION

in between the two circles). This is to minimize contributions from
varying incorporation at the NW ends, the end facets and the effects
of varying inter-wire distance along the length of the NWs, on the
volume. The 120 NWs that are positioned in a circular array such
that NWs along 6 = 0°, 90°, 180° and 270° correspond to [111], [011],
[111] and [011] respectively. Figure 4.8a shows a polar plot of the
NW volume normalized to the smallest volume, V (corresponding
to the [111]-oriented NW) as a function of angle. All 120 NWs are
included in a single 17 x 17 yum? scan. To check for artifacts due to
the AFM scan direction, the measurement was performed parallel to
[111] and [011] directions.
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Figure 4.8: Material incorporation in NWs oriented along different in-plane
directions. a Polar plot depicting the individual NW volume of
120 GaAs(Sb) NWs grown on GaAs(211)B normalized to the
volume of a [111]-oriented nanowire, as a function of in-plane
orientation. b Schematic of a NW aligned (smooth facets) and
misaligned (facets with steps) with respect to a high-symmetry in-
plane direction. ¢ Waterfall plot of cross-sectional profiles of NWs
that are oriented 15° apart. The dominant facets are as labelled
and the profiles are color coded to their respective normalized
volumes in a and are extracted along the direction of the blue
arrow in a.

As seen in Fig. 4.8a, the NW volumes extracted from both scan di-
rections follow a similar trend. The volume is significantly smaller for
NWs oriented along the high-symmetry orientations. With increasing
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4.5 EFFECT OF NANOWIRE LENGTH

mis-orientation, the NWs exhibit increasing step density (as seen in
Fig. 4.4a). Since nucleation at step edges minimises the surface free
energy by incorporation of additional adatoms within the growing
crystal [88], these NWs incorporate more material as each step acts
as a nucleation site for incoming adatoms (see schematic in Fig. 4.8b).
The activation energy for diffusion and desorption is higher at a nu-
cleation site, thus increasing the probability that adatoms will instead
accumulate and nucleate. This is consistent with the dramatic increase
in volume of misaligned NWs as seen in Fig. 4.8a. Furthermore, the
neighboring NWs experience an increased flux due to the expelled
adatoms from the aligned NWs. This further increases the volume of
the NWs next to the aligned NWs and may explain the small decay
for further mis-oriented NWs.

Figure 4.8a also shows that the [111]-oriented NWs incorporate less
material compared to the [011]-oriented NWs. This can be attributed
to a longer Ga adatom diffusion length along the (111) directions [89]
which causes a fraction of the incoming adatoms to diffuse along the
NW length and be expelled onto the SiO, mask in the early stages
of NW growth where the {110} facets have not developed yet. As
the NW grows with increasing time and starts developing facets, the
resulting material incorporation is a combined result of the adatom
diffusion length along the (111) directions (NW axis) as well as the
{110} planes (NW facets as seen in Fig. 4.8¢).

To visualize the facet transformation of the NWs dependent on
the in-plane orientation, an AFM topographical profile across the
approximate center of the length of the NWs spaced 15° apart, starting
from the [111]-oriented NW is extracted (Fig. 4.8a). The blue arrow
in Fig. 4.8c corresponds to the direction along which the profiles were
extracted. NWs oriented along high-symmetry directions exhibit well
defined facets dictated by Wulff construction [9o] thereby minimising
the surface free energy of the crystal. The mis-oriented NWs exhibit a
mixture of different facets along with increased material incorporation.
Note that the (111)B facet tends to develop for NWs already at ~ 15°
deviations from the [111]-oriented NWs despite having a higher
surface free energy as compared to the (011) facet for pure GaAs [91].
This can be attributed to the surfactant effect of Sb during GaAs growth
[92]. The development of different facets along with differing adatom
diffusion length and density of nucleation sites further complicates
the interpretation of material incorporation within the mis-oriented
NWs.

4.5 Effect of nanowire length

For a given substrate after a fabrication run for SAG, since the error
in defining the NW trenches is fixed, the resulting step density on
the NW facets must also be constant. However, the free surface at the
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Lyw =6 pm

Figure 4.9: 3D AFM topography of [111]-oriented GaAs(Sb) NWs on
GaAs(211)B with length Ly =1 — 6 um. A NW with L = 6 um
exhibits steps on the facets highlighted by the white arrows in
the close-up.

ends of the trench may allow for a larger degree of overgrowth on the

SiO; mask, thus allowing for a larger tolerance towards misalignment.

Thus, to find the length scale for which it is possible to obtain a NW
with smooth facets without steps, nominally [11 1]-oriented GaAs(Sb)
NWs with Lyw = 1 — 6 um and Wyw = 150nm were grown. AFM
topography of the NWs is presented in Fig. 4.9. End facets of the NWs
are excluded from the segment that is used to calculate n. An example
of steps (highlighted with white arrows) visible on one of the facets is
presented for the case of Lyw = 6 ym in the inset.

AFM was performed on a total of 16 NWs and the corresponding
n on both facets are tabulated in Fig. 4.10b. As expected, the number
of steps on the NWs is linearly dependent on the NW length and
the resulting dependence of n along both NW facets is presented
in Fig. 4.10a. However, performing a linear fit on the n dependence
averaged for both facets, it can be seen that it does not extrapolate
to zero at L = 0 ym but instead at a finite length L*. Thus for NWs
shorter than L*, NWs exhibit no steps. To eliminate the possibility of a
statistical anomaly, AFM was performed on multiple NWs for Lyw =
1 ym, where 10 out of 11 NWs show no steps at all. Performing a linear
fit on the n dependence including all 16 NWs, L* = 0.96 £ 0.18 ym is
obtained. The slope of the fit gives us a step density in the middle
of an arbitrarily long NW to be 1.41 £ 0.07 yum~!. The value of L*
depends on the misorientation — 6 = 0.26° £ 0.04° in the present case
—and is thus specific to the sample and fabrication run.
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Figure 4.10: a Number of steps (1) as a function of NW length (L). A linear
fit is performed and extrapolated to obtain a length L* for which
NWs with no steps can be obtained. b A list of NWs with
different L and the corresponding 7 on either facets. 10 out of
11 1um long NWs exhibit no steps.

Figure 4.11a shows a top-view AFM image of a series of GaAs(Sb)
NWs oriented along the [111] direction and in increments of 3° on
GaAs(211)B. The region highlighted in the black box shows the NWs
facets at the ends have fewer to no steps compared to the middle. For
NWs oriented at @ = 4-3°, +6° from the [111] direction, the maximum
NW height (zmax) at all points along the NW length is used as an
indicator of the in-plane orientation of the NW. The position of zmax
of the misaligned NWs with respect to that of the [111]-oriented NW,
Ax(zmax), along the NW length is presented in Fig. 4.11b. This shows
a tendency for the ends of misaligned NWs to overgrow more on the
SiO, mask with few to no steps and gradually align towards the [111]
direction. This confirms that free surface at the ends of the trenches
allows for a larger degree of over-growth on the SiO, mask and thus
allows for a larger tolerance towards misalignment.

It should be emphasized that the quantitative results obtained here
can be extended towards homoepitaxial growth of NWs on both con-
ventional and novel substrate orientations. Each substrate fabricated
for SAG can be characterized post-growth to estimate the collective
internal and external error in defining the NW trenches and the re-
sulting length scale for which step-free NWs can be obtained. For
experiments wherein longer SAG NWs are necessary by design, AFM
characterization can be performed prior to device fabrication in order
to place electrical contacts in segments of the NWs that exhibit no
steps along the facets. Thus, even though it is not possible to com-
pletely eliminate the morphological imperfection in the NWs, careful
design of the experiment can lead to minimized contribution from
high S,;.
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Figure 4.11: a Top-view AFM topography of a series of GaAs(Sb) NWs ori-
ented along the [111] direction and in increments of 3° on
GaAs(211)B. The outer ends of the NWs highlighted in the
black box show misaligned NWs at § = £3°, £6° to over-grow
more on the SiO, mask to gradually align towards the [111]
direction. b The distance between positions of the maximum
height for all NWs Ax(zmax) along the NW length.

4.6 Effect of Sb as a surfactant

Finally, the use of Sb as a surfactant is considered for reducing S,.
GaAs NWs were grown on GaAs(211)B with and without Sb and
also with varying degrees of intentional misalignment with respect
to the [111] direction. The resulting 3D AFM topography for both
GaAs and GaAs(Sb) NWs are shown in Fig. 4.12a and b, respec-
tively. Again, the number of steps on NW facets clearly increases with
mis-orientation (arrows in Fig. 4.12a and b), and the effect is more
pronounced for GaAs NWs compared to the GaAs(Sb) NWs. The cor-
responding dependence of S; is shown in Fig. 4.12c for inner (outer)
facet facing toward (away from) the [11 1]-oriented NW. These facets
exhibit different step edges due to different in-plane polarity on the
substrate (details presented in section 4.7). Sb reduces S; for  # 0 and
thus helps reducing the effect of mis-orientation. The lowest value of
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Figure 4.12: Series of a GaAs and b GaAs(Sb) NWs on GaAs(211)B oriented
along the [111] direction as well as NWs oriented in increments
of 3° with respect to it. ¢ Dependence of S; on in-plane orienta-
tion for GaAs and GaAs(Sb) NWs. S is also presented for the
inner (outer) facet of the misaligned NWs facing toward (away

from) the [111]-oriented NW.

S; ~ 0.4nm is observed for both nominally [111]-oriented GaAs and

GaAs(Sb) NWs and is comparable to that of a

substrate prior to any

fabrication processing. Thus, based on the two samples investigated
for the case of [111]-oriented GaAs NWs on GaAs(211)B, it can be
concluded that Sb does not improve the crystal quality as opposed to
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4.7 STEP EDGES ON SIDE FACETS

GaAs(Sb) SAG NWs grown under similar conditions on conventional
GaAs(100) substrates [19, 21, 22].

Surfactants are known to modify surface free energies and adatom
diffusion lengths for compound semiconductors and have been em-
ployed to suppress 3D island growth [92, 93]. Despite the possible
surfactant effect of locally changing the facets surface free energy
during crystal growth, there is no impact on the overall cross-sectional
shape of the nominally [111]-oriented NWs shown in Fig. 4.12. The
use of Sb as a surfactant for in-plane homoepitaxial GaAs growth on
GaAs(100) substrates has been reported to demonstrate a reduction
in S; [19]. A similar effect in suppression of S; is observed in this study
for largely misaligned [11 1]-oriented NWs grown on a GaAs(211)B
substrate and confirms the feasibility of the method for achieving
smoother facets. However, as demonstrated in the previous section,
it does not guarantee NWs devoid of steps above Lyw ~ 1 ym. This
study demonstrates that using the NW length is a promising way to
ensure minimal contribution to morphological disorder instead.

4.7 Step edges on side facets

Approximately [111]-oriented NWs on GaAs(211)B substrates ex-
hibit steps on the side facets. This is shown in Fig. 4.13a and b with
a top-view SEM image of the same NWs with contrast and color ad-
justed for visibility. The image shows that the step edges are oriented
along different directions on both facets. While the reason for this
is not completely clear, given the in-plane polarity of the substrate
from the manufacturer, it is deduced that the inner facets exhibit B-
polar (111) type step edges whereas the outer facets exhibit A-polar
(111) type step edges. The effect of Sb on formation of the different
step edges on both facets is unknown. Figure 4.13c shows an AFM
topography of both facets of the NW which are levelled with respect
to the {110} zone axes. The levelled image is used to calculate the
orientation of the step edges and it is confirmed that they are indeed
the (111) type step edges. There is no obvious correlation between
the number of (111)A and (111)B step edges apart from an expected
increase in both their numbers with increasing misalignment. It is
difficult to quantify the number of step edges due to the increasing
variation in step height and steps growing on existing steps.

4.8 Conclusions

In conclusion, a systematic study of the effects of small and large scale
misalignment of GaAs and GaAs(Sb) SAG NWs with respect to the
in-plane orientations on GaAs(211)B has been presented. It is found
that a 3° misaligned NW leads to ~ 300% increase in the volume
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Figure 4.13: Steps edges on approximately [111]-oriented NWs. a and b
show top-view SEM image of the same NWs where the contrast
has been adjusted to enhance visibility of the step edges on inner
(outer) facet facing towards (away from) the [111]-oriented NW.
Furthermore, the colors are inverted in b. ¢ is an AFM of the
highlighted region in a and b, levelled towards the (110) and
(101) facet respectively. The inner facet exhibits (111)B step
edges whereas the outer facet exhibits (111)A step edges.

due to growth dynamics governed by adatom diffusion lengths and
orientation dependent facet formation. The in-plane mis-orientation
in defining trench openings within the substrate which leads to an un-
desired increase in facet roughness (S;) of the NWs is important to be
minimized in order to reduce structural disorder. Previously demon-
strated use of Sb as a surfactant for NWs grown on standard (100)
substrates also minimizes S, for large scale misalignment, however it
is not enough to obtain step-free [111]-oriented NWs on GaAs(211)B.
Small scale misalignment is important to be considered for device
design, in particular in light of the inherent errors associated with
the tolerance of substrate manufacturing and fabrication. A length
scale for which NWs can tolerate an unintentional misalignment of
f = £0.5° and suppress step formation is estimated to be L ~ 1 ym.
This confirms that AFM characterization of SAG NWs from a partic-
ular substrate prior to device fabrication can enable control over the
crystal quality of the conducting channel by design. By virtue of the
scalability of SAG, it can also be possible to make copies of the mask
design for a range of in-plane orientations with 6 = £0.01°, +0.02°..
such that one of the NWs is bound to be perfectly aligned. Thus, for
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experiments with strict requirements on the magnitude of disorder
in the semiconducting NWs, taking into account effects of misalign-
ment on the NW morphology, careful design of the SAG mask and
structural characterization of NWs prior to device fabrication should
enable control of the NW crystal quality.



Shape Engineering

The results presented in this chapter overlap with with manuscript

[5]:

Shape engineering of in-plane semiconductor nanowires
G Nagda, D V Beznasyuk, ] Nygérd, T S Jespersen
In preparation

The high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) results presented in this chapter were
acquired by Dr. Sara Marti- Sanchez and Christian Koch under
the supervision of Prof. Dr. Jordi Arbiol affiliated with the Catalan
Institute of Nanoscience and Nanotechnology (ICN2), CSIC and BIST,
Campus UAB, Bellaterra, Barcelona, Catalonia, Spain.
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5.1 INTRODUCTION

5.1 Introduction

It has been demonstrated that the electrical characteristics of MBE
grown InAs SAG NWs on GaAs substrates are vastly improved by
introducing GaAs(Sb) buffer layers prior to InAs growth [19]. The
flat top-facets of the resulting NWs are showed to allow significant
elastic strain, resulting in a better field effect response due to fewer
defects in the InAs channel. However, this has only been demonstrated
for NWs with a particular geometry and not much is known about
the dependence of the quality of the transport-active layers on the
geometry of the underlying GaAs buffer layers.

In this chapter, we try to bridge this gap by demonstrating the
possibility of engineering NWs with different cross-sectional shapes
on non-standard (high-index) GaAs substrates. This is achieved by
varying substrate out-of-plane and in-plane orientations and by use
of Sb as a surfactant during GaAs growth. Growth conditions such
as substrate temperature, growth rate, growth time and V/III ratio
are kept identical for all growths, which allows for a systematic study
of the effect of the substrate and corresponding in-plane orientation
dependence. Details of the growth parameters are presented in Ap-
pendix B. The growths are performed for a variety of mask dimensions
such as width (W) and inter-wire distance (pitch P), which allows for
an understanding of the material incorporation and facet evolution
dependent on the varied parameters. Varying mask dimensions po-
tentially work as proxy for a temporal study, since growth for NWs
with different mask dimensions will be terminated at different stages,
and still be contained on the same growth substrate. This is due the
dimension dependent material incorporation in the NWs [22]. The
NW morphology for all growths is obtained by performing AFM. For
select dimensions of the GaAs(Sb) growths on (311)A and B sub-
strates, cross-sectional HAADF-STEM micrographs are also obtained.
NWs are grown in a circular array and corresponding AFM data is
used to extract NW volume and compared across all the samples.

5.2 Nanowire faceting on standard substrates

Figure 5.1a-d shows the stereographic projections of commonly re-
ported substrate orientations. The construction of the projections and
how to read them has been discussed in Section 2.6. The schematics
of the NW cross-sections oriented along the high-symmetry in-plane
orientations are based on the shapes that have already been reported
for: InAs/GaAs(Sb) growth on GaAs(100) [19, 21] by MBE, for InAs
growth on InP(110) and (111)B [20] by chemical beam epitaxy (CBE).
As per the schematics, only the corresponding poles have been labelled
for all projections, for better visibility. Although the cross-sectional
shapes are only representative of the growth conditions, some observa-
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Figure 5.1: a-d Stereographic projections of standard (low-index) substrates.
High-symmetry in-plane orientations are labelled at the outer-
most circle with a schematic of the corresponding NW cross-
section, color-coded with the possible facets available. The cross-
sectional shape is only representative of a particular set of growth
conditions.

tions can be made. Due to the (4-fold) symmetry associated the (100)
zone axis, all NWs exhibit mirror-symmetric cross-sections. Even if cer-
tain other facets become more energetically favorable under different
growth conditions, the NWs will exhibit the mirror-symmetric shapes
with those facets. The same applies for NWs on (011), (111)A and
B substrates, except for the ones oriented along the [011] (or equiv-
alently [011]) direction. Due to the symmetry associated with this
direction, these NWs are bound by facets that occur at non-equivalent
angles, resulting in a asymmetric cross-sectional shape.

It should be noted that for [011] oriented NWs on (111)B sub-
strates, a different cross-sectional shape has been observed by MBE
growth [55], due to the manifestation of a (111)B facet instead of
the vertical (211) facet. This is interesting because, the occurrence
of {111}B facets is more likely due the lower surface energy associ-
ated with it [62] than {211} type facets [35]. This demonstrates the
dependence of the possible faceting on the differing surface energies
associated with the different growth conditions in both experiments.
Moreover, a different shape has been observed for [011] oriented InSb
NWs on InP(111)B substrates [94], which highlights the difference
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in associated surface energies for differing compounds. Although no
published research exists for SAG NWs on (111)A, considering that
change of polarity only corresponds to a mirrored stereographic pro-
jection, the expected schematics of the NW shapes have also been
mirrored from their counterparts.

5.3 Nanowire faceting on high-index substrates

:}mm <>i
jm C\ﬁ

Figure 5.2: a-d Stereographic projections of high-index substrates. High-
symmetry in-plane orientations are labelled at the outermost
circle with a schematic of the corresponding NW cross-section,
color-coded with the possible facets available. The cross-sectional
shape is only representative of a particular set of growth condi-
tions.

High-index substrates such as (211) and (31 1) both have a polarity
associated with them. The corresponding crystal structure of these
surface has been presented in the Section 5.2. Figure 5.2a-d shows the
stereographic projections associated with these surfaces, with the A-
and B-polar maps simply mirrored.. The corresponding schematics
of the NWs along the high-symmetry in-plane orientations are color-
coded with the facets they are likely to manifest. The (111) -oriented
NWs on (211)B substrates have already been observed in Chapter 4,
and are found to exhibit a mirror-symmetric cross-section bound
by {110} type facets. The [011]-oriented NWs on all high-index
substrates have facets available at angles such that they will likely
exhibit a highly asymmetric cross-section. The same would be expected
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for the (112)-type NWs on (311) substrates. The polarity associated
with high-index substrates is an additional variable to the possible
NW faceting since it is known that A- and B-polar surfaces exhibit
different surface energies due the the different surface reconstruction
mechanisms associated with them [36, 38, 62].

L I
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Figure 5.3: Schematic of an array of NWs, with NW length L, width W, inter-
wire distance P. The red box corresponds to approximately the
center of an array and the blue box corresponds to a 1 ym region
at the middle of the NWs, where AFM was performed for all
studies.

In the following, GaAs and GaAs(Sb) NWs grown in an array of
50 from all the high-index substrates were characterized using AFM.
The SAG mask dimensions were varied such that NW arrays were
grown with four different mask opening widths (W1 — W4) and four
different pitch (P1 — P4) for each width, whereas the NW length
(L = 10 um) was kept constant for all NWs. The four widths were
varied from 40 — 100 nm in steps of 20nm and the pitch was varied
from 1 — 4 ym in steps of 1 um. The actual width and pitch might
vary from these values and was not accurately determined for all
the samples with a systematic pre-growth characterization. Figure 5.3
shows a schematic of such arrays where the red box indicates that the
NWs from approximately the middle of the array were selected, and
the blue box indicates the 1 ym region from approximately the middle
of the NWs that was chosen to perform AFM.

Figure 5.4a and b shows the AFM profiles of [111] and [011]-
oriented GaAs and GaAs(Sb) NWs grown in (211)A and B for all
different SAG mask dimensions. The AFM data was averaged over a
length of L = 10 ym and the solid lines correspond the average profile
with and the colored band corresponds to the corresponding standard
deviation. Each column corresponds to a different growth as labelled
on top, with the pitch increasing from top to bottom as P1 — P4. Each
of the four profiles within each box correspond to the different widths
W1 — W4.
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Figure 5.4: AFM topography of a [111] and b [011]-oriented GaAs and
GaAs(Sb) NWs on (211)A and B substrates. The columns corre-
spond to different growths, with NWs from arrays with increasing
pitch P1 — P4, and the 4 AFM profiles in each box corresponds
to width W1 — W4.

First, we look at the [111]-oriented NWs for all growths Figure 5.4a.
Despite the varying mask dimensions, substrate polarity and use of
Sb as a surfactant, almost all NWs show a mirror-symmetric cross-
section bound by the {110} type facets that have been observed
already for NWs considered in Chapter 4. For all samples, it can
be seen that the NWs grown with a constant width at a larger pitch
incorporate less material than at a smaller pitch. Similarly, NWs grown
at a constant pitch with a larger width incorporate more material than
with a smaller width. This becomes more evident when we look at the
GaAs(Sb) NWs on (211)A (and B) substrates. The NWs at pitch P4
are caught at an earlier stage of growth due to less material, and when
compared to their GaAs counterparts, they seem to incorporate even
lesser material made evident by the not fully developed {110} facets
(see black arrows). It should be noted that the at pitch P4, the NWs
width the smallest width W1 do not even grow. For GaAs NWs grown
on the B-polar substrate, an unusually higher uncertainty in the NW
topography is observed (see red arrows). The reason for this is not
clear, however it is possible that the flat top-facet is not as stable as on
the A-polar substrate. Nevertheless, for NWs with a smaller pitch, this
rough top-facet disappears and is replaced by the {110} facets. All
these observations confirm that the {110} type facets are extremely
stable due to the very low surface energy associated with them [91].
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Next, we look at the [011]-oriented NWs for all growths in Fig-
ure 5.4b. Except for the GaAs(Sb) NWs, almost all NWs exhibit an
asymmetric cross-section bound by the {111} type facets. The AFM
topography for the more vertically inclined facet is not reliable due
to the inability of the method to obtain information about steep struc-
tures. Nevertheless, this tells us that the NWs indeed exhibit the
vertical {111} facets as expected from the stereographic projections.
Perhaps the most interesting observation to be made here is the occur-
rence of not so sharply defined facets for the GaAs(Sb) NWs on the
A-polar substrate (see green arrows). This can possibly be due to the
non-reactive nature of the surfactant which is known to decrease the
number of incorporation sites for incoming adatoms [95, 96]. However,
the GaAs(Sb) NWs on B-polar substrates manifest {111}B facets de-
spite the presence of Sb. A possible reason for this disparity between
the effect of Sb on A- and B-polar surfaces, could be that the B-polar
surfaces have an abundance of As, which could facilitate the growth
of GaAs; whereas for A-polar surfaces which lack As, a higher As
flux might be necessary to incorporate the same amount of material.
Nevertheless, Sb is found to lower the material incorporation for NWs
on the A-polar substrate, made evident by the lower NW height. It
should be noted that NWs with width W1 and W2 did not grow for
the largest pitch for B-polar substrates. This could be due to the the
pitch being large enough already where no material was available to
source from neighbouring NWs.

Figure 5.5a and b shows the AFM profiles of [112] and [011]-
oriented GaAs and GaAs(Sb) NWs grown in (311)A and B for all
different SAG mask dimensions. The AFM data was averaged over a
length of L = 10 ym and the solid lines correspond the average profile
with and the colored band corresponds to the corresponding standard
deviation. Each column corresponds to a different growth as labelled
on top, with the pitch increasing from top to bottom as P1 — P4. Each
of the four profiles within each box correspond to the different widths
W1 — W4.

First, we look at the [112]-oriented NWs for all growths Figure 5.5a.
All NWs with pitch P1 exhibit an asymmetric cross-section bound by
{111} and {110} type facets. This shape correspond very well with
what could be expected from the stereographic projection and taking
into account the surface energies of these orientations. As we go higher
in pitch from P2 — P4, the NWs on the A-polar substrates, exhibit a
mix of these facets along with an almost flat-top facet. The fact that
no high-symmetry orientations exist at that angle implies that this is
an intermediate facet, where the {111}A and {110} facets have not
fully formed yet due to less material. The NWs with higher pitch on
B-polar substrates however, exhibit a {531} type facet instead. This
is found from the HAADF-STEM micrographs for GaAs(Sb) NWs on
hkl(311) substrates for a fixed width W3 and pitch P2 presented in
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Figure 5.5: AFM topography of a [112] and b [011]-oriented GaAs and
GaAs(Sb) NWs on (311)A and B substrates. The columns corre-
spond to different growths, with NWs from arrays with increasing
pitch P1 — P4, and the 4 AFM profiles in each box corresponds
to width W1 — W4.

Fig. 5.6, where each column corresponds to multiple NWs from the
same individual array (facets labelled at the bottom of the figure). This
is the only method to find the orientation for very high-order facets
such as {531}, and thus the intermediate facets occurring for larger
pitch on B-polar substrates cannot be identified using AFM (see black
arrows).

Finally, we look at the [011]-oriented NWs for all growths Fig-
ure 5.5b. For pure GaAs NWs on the A-polar substrate, only the NWs
with the smallest pitch contain enough material to exhibit the {111} A
type facets. Again, the topography for the highly inclined facet is
not completely representative of the actual NW geometry. For NWs
with increasing pitch, an intermediate flat top-facet is observed, with
a mix of the {111}A facets. Similar to the [011]-oriented GaAs(Sb)
NWs on the (211)A (see Fig. 5.4b), these NWs also exhibit a very
high-order (533) facets (see green arrows). This facet is identified
from the HAADF-STEM data presented in Fig. 5.6. The previously
proposed hypothesis for GaAs(Sb) NWs on the (211)A substrate that
a lack of As slows down the growth rate, along with Sb atoms low-
ering nucleation sites for growth to occurs, is strengthened slightly
by this consistent observation for the case of the (311)A substrate.
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GaAs(Sb) growth on (311) substrates
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Figure 5.6: Cross-sectional HAADF-STEM micrographs of [011] and [112]-
oriented GaAs(Sb) NWs on (311)A and B substrates. Each col-
umn corresponds to NWs from the same array and NW dimen-
sions correspond to width W3 and pitch P2. Scale bars correspond
to 50 nm unless specified otherwise.

It possible that a longer growth time will ultimately result in NWs
bound by {111}A facets as is expected from the symmetry of the
substrate. The intermediate facets that manifest for GaAs(Sb) NWs
on B-polar substrates (see red arrows) cannot be identified using the
AFM data. It should be noted that the NW faceting obtained from
HAADE-STEM for the select dimensions and the AFM profiles show
a good agreement.
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5.4 MATERIAL INCORPORATION

Despite the myriad shapes exhibited by the NWs based on out-of-
plane and in-plane orientations, differences arising out of substrate
polarity and the use of Sb as a surfactant, the following observations
have been consistent: first, NWs grown with a constant width at
a larger pitch incorporate less material than at a smaller pitch, and
second, NWs grown at a constant pitch with a larger width incorporate
more material than with a smaller width. This confirms that the
findings of material incorporation in GaAs and GaAs(Sb) NWs on
standard GaAs(100) substrates in publication [22], Ga adatoms show
a sourcing behaviour (see Section 2.5) at the growth conditions used
in this study, with different substrates.

5.4 Material incorporation

a (211) substrate 0° b (311) substrate

20 x 10® nm? 25 x 10® nm?

73°

[011] 180° —+— GaAs on A-polar 180°
GaAs(Sb) on A-polar
—+— GaAs on B-polar __
[111] —— GaAs(Sb) on B-polar [112]
Figure 5.7: Polar plot depicting the individual NW volume of 120 GaAs
and GaAs(Sb) NWs grown on a GaAs(211)A and B and b on

GaAs(311)A and B as a function of in-plane orientation. All NWs
are spaced 3° apart.

In this section, we analyze the NW volume from all growths on
different substrates as a function of in-plane orientation. Figure 5.7a
and b shows polar plots of the GaAs and GaAs(Sb) NW volume of
NWs grown on (211)A (B) and (311)A (B) substrates, respectively.
The method for extracting NW volume is the same as the one presented
in Section 4.4. The data corresponds to 120 NWs arranged in a circular
array in steps of 3°. The [011], [111], [011], and [111] directions
correspond to 0°,90°,180° and 270°, respectively. As seen already
for GaAs(Sb) NWs grown on a (211)B substrate, the NW volume
shows a stark decrease for NWs oriented along the high-symmetry
orientations. The reason for this trend has already been addressed
in depth in Section 4.4. Interestingly, it is observed that all growths
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follow the same trend. It is possible that the GaAs(Sb) NWs along the
high-symmetry orientations, incorporate the least amount of material,
but since the difference compared to NWs from other growths is quite
small, and the fact that this data only corresponds to a single NW
per orientation, it is difficult to make conclusions. Another interesting
observation to be made it that the NWs in between the high-symmetry
in-plane directions show no preferential material incorporation based
on the substrate polarity or the use of Sb. Finally, the difference in
NW volume along the two high-symmetry orientations allows to
hypothesize that the relative diffusion length along the [111] direction
might be longer than the [011], but this is difficult to conclude due to
the added complexity of developing NW facets.

In the case of (311) substrates showed in Fig. 5.7b, the [011], [112],
[121],[011], [112],and [121] directions correspond to 0°,73°,107°,180°,253°
and 287°, respectively. The (112) directions are actually ~ 1° away
from the highlighted directions in the plot, and were not aligned ex-
actly at the correct directions. Despite this, once again it is observed
that the NWs aligned along high-symmetry in-plane orientations con-
stitute a lower volume compared to all the other NWs irrespective
of the substrate polarity or use of Sb. The decrease in volume of the
aligned NWs does not show a stark difference between themselves
when compared to the the two high-symmetry orientations of the
(211) substrates. No obvious trend is observed for the misaligned
NWs based on this study. It should be noted that the overall volume
for NWs on the (311) substrates is higher than those of the (211) sub-
strates. This could be attributed to fabrication related differences, and
growth related changes. But importantly, the data for the growths on
all (211) (and (311)) substrates can be compared meaningfully since
all samples correspond to the simultaneous fabrication of substrates
and were grown using the same MBE across 2 days.

5.5 Conclusions

A detailed AFM study of the NW morphology dependent on the
substrate out-of-plane and in-plane orientations has been presented. It
was found that the substrate polarity and the use of Sb as a surfactant
also influence the shape of the NWs. Additionally, due to the SAG
mask dimension dependent growth rates, the shape of the NW was
further influenced by the width and inter-wire distance. This study
has demonstrated that the by carefully designing the SAG mask, it is
possible to experimentally determine the evolution of NW faceting.
This is possible because due to the adatom kinetics governing the
behaviour Ga adatoms cause NWs that are closely spaced together to
share the incoming flux due to adatom diffusion on the SAG mask.
Thus, increasing inter-wire distance allows to obtain NWs at an ef-
fectively earlier stage of growth. Decreasing width has the opposite
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effect where, NWs width smaller widths represent a relatively later
stage of NW faceting because the amount of material required to fully
develop facets is less compared to larger widths. The GaAs(Sb) NW
cross-sectional shapes obtained from HAADF-STEM for select NW
dimensions on (311)A show good agreement with the NW topog-
raphy obtained using AFM. The persistence of {110} type facets on
the [111]-oriented NWs, despite changing substrate polarity, using Sb
and varying mask dimensions, confirms the stability of this non-polar
surface. Moreover, it has also been demonstrated that the Sb as a surfac-
tant has a stronger effect on both (211) and (311)A-polar substrates
for certain in-plane orientations. Finally, the NW volume dependence
on the in-plane orientation has been demonstrated. It is consistently
observed that NWs grown along the high-symmetry in-plane orienta-
tions exhibit lower volume than the misaligned NWs. This shows that
the Ga adatoms have relatively longer diffusion lengths along those
directions and are thus incorporated less into the NW growth. This is
observed irrespective of the substrate polarity and use of Sb and it is
beautiful to see the consistency with which Ga adatoms behave.

59



Part II1

Hetero-epitaxy of InAs

The hetero-epitaxial growth of InAs nanowires mediated
by GaAs(Sb) buffer layers on GaAs(311)A substrates is
considered in depth. The reproducibility of the structural
characteristics of the nanowires is quantified. The effect of
varying SAG mask dimensions on the nanowire morphol-
ogy is characterized using various microscopy methods.
The reproducibility of the electrical characteristics is tested
using a multpilexer/de-multiplexer set-up. The structural
and electrical characteristics of the nanowires are found to
be correlated.



Structural Characteristics

The results presented in this chapter overlap partially with manuscript

[4] :

Dimension dependent electrical transport in planar InAs nanowires
G Nagda, D Olsteins, S M-Sanchez, D V Beznasyuk, D J Carrad, C E
N Petersen, ] Nygard, ] Arbiol, T S Jespersen

In preparation

The high-angle annular dark field scanning transmission electron
microscopy, corresponding geometric phase analysis, and electron en-
ergy loss spectroscopy results presented in this chapter were acquired
by Dr. Sara Marti- Sdnchez and Christian Koch under the supervi-
sion of Prof. Dr. Jordi Arbiol affiliated with the Catalan Institute of
Nanoscience and Nanotechnology (ICN2), CSIC and BIST, Campus
UAB, Bellaterra, Barcelona, Catalonia, Spain.
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6.1 INTRODUCTION

6.1 Introduction

Field effect mobility has been shown to have a dependence on the
interface of the InAs NWs with the underlying substrate [97] where
introducing a GaAs buffer layer enhanced the mobility. Moreover, the
use of ternary InGaAs buffers atop the GaAs buffers have also showed
an enhancement in the transport characteristics of the InAs channel.
However, the composition of the ternary buffer and the InAs channel is
highly dependent on the growth parameters and requires a systematic
approach at optimization. Therefore, we consider a simplified het-
erostructure in this this chapter. The results of the selective area grown
InAs NWs on GaAs(311)A substrates mediated by a GaAs(Sb) buffer
are discussed. Extensive AFM analysis of these samples is carried out
and the [011]-oriented NWs are chosen for further detailed structural
(presented here) and electrical transport measurements (presented in
the following Chapter 7). Reproducibility in structural characteristics
of 180 NWs is quantified using AFM as the primary tool. Furthermore,
the dependence of the NW morphology on the SAG mask dimen-
sions such as width (W) and in-plane orientation (f) is discussed with
supplementary results from HAADF-STEM and EELS of select NW
dimensions. Varying W gives us the opportunity to the study the
different stages of InAs growth, whereas varying 0 allow us the track
the influence of the unintentional mis-orientation associated with SAG
substrate manufacturing as discussed in Chapter 4.

6.2 Experiment

We begin by studying the influence of growth time of the InAs layer on
the resulting NW morphology. For this, 4 samples are grown. Using
the substrate fabrication methods presented in Appendix A, a single 2
inch GaAs(311)A substrate was prepared for SAG, then scribed into
quarters and subsequently used for the following growths where all
growth parameters were kept identical except for the InAs growth
time (see Fig. 6.1 and Table 6.1):

In
. / AS \ . »%‘f
Ga\“b\b“ »‘b“
. % Siozlmask < .
SRR
GaAs(311)A substrate GaAs(Sb) growth InAs + GaAs(Sb) NW

Figure 6.1: Schematic of SAG of [01 1]-oriented InAs/GaAs(Sb) dual layer
NWs on GaAs(311)A, representative only for a fixed set of mask
dimensions and growth parameters.
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6.2 EXPERIMENT

Figure 6.1 shows a schematic of a typical SAG of [011] oriented
InAs + GaAs(Sb) NWs, representative only for a certain dimension
and MBE growth parameters implemented in this experiment.

Sample no. | GaAs(Sb) growth time | InAs growth time
1 30 min — (reference sample)
2 30 min 5min
3 30 min 10 min
4 30min 18 min

Table 6.1: 4 samples used to study the influence of InAs growth time on the
NW morphology.

All samples have been fabricated with the same SAG mask design
consisting of arrays of 9 different different widths of the mask opening
(W1 — W9) ranging from 100 — 400 nm and in-plane orientations in a
range of (6§ = £ 5°) in steps of 0.5° away from the [011] direction. All
arrays have the same pitch P = 2 ym. The samples are also expected to
have the same fabrication related tolerances. The growth parameters
for GaAs and InAs growth are presented in detail in the Appendix B.

InAs growth time

In the following, the results from varying InAs growth time (see
Table 6.1) are presented are discussed. AFM is used to study the
[011]-oriented NWs with three different widths corresponding to
W1 = 100nm, W5 = 220nm and W9 = 400 nm from 4 samples (see
Fig. 6.2). It is observed that for sample 2 with the shortest growth
time of 5min (Fig. 6.2 (top)), the InAs layer is discontinuous for all
widths. Increasing the time to 10 min for sample 3 resulted in NWs
with width W5 and above to have a discontinuous InAs layer, while
thinner NWs exhibit a continuous layer of InAs as can be seen in
Fig. 6.2 (middle). Increasing the InAs growth time further (sample
4, 18 min), a continuous layer is observed for widths W1, W5 and
WO. This can be seen from the 3D AFM topographies presented in
F.g 6.2 (bottom). This can be explained by the fact that due to the
InAs/GaAs lattice mismatch of ~ 7.7%, the InAs growth is highly

strained and result in Stranski-Krastanov growth. (see Section 2.4).

For smaller widths, since less amount of material is required to cover
the underlying GaAs(Sb) buffer, this 3D growth has the possibility
to merge and minimize the overall surface energy by formation of
well-defined facets. However, for larger widths, more material would
be required to achieve the same. Thus, NWs from sample 4 with the
longest growth time exhibit a continuous InAs layer for a larger range
of widths compared to the other samples.
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width —>
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growth W1 W5 W9

time
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Figure 6.2: Top-view and 3D AFM topography of [011]-oriented NWs with
width W1, W5 and W9 from three different Samples 2, 3 and 4
(see Table 6.1). Top (middle, bottom) row corresponds to InAs
growth time of 5min (10 min, 18 min).

Sample 4

[011]

!

[311]

SiO,
mask

0

Nanowire volume

In the following, the incorporation of material (NW volume) de-
pendent on the in-plane orientation is discussed. Samples 1 and 4 are
considered as the two extremes, no InAs growth and longest InAs
growth time, respectively. InAs/GaAs(Sb) and GaAs(Sb) NWs were
grown in a circular array along all in-plane orientations on in steps
of 3°, with a constant mask opening width of W = 150nm. AFM
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a Top-view AFM topogrpahy
H
Sio,
mask
0

b -

[011]
—o— InAs + GaAs(Sb) 0°

—o— GaAs(Sb)

—®— InAs

288° 72°
~[121] ~[112]

252° 108°
~[112] ~[121]

180°
[011]

Figure 6.3: a Top-view AFM topography of circular array of InAs/GaAs(Sb)
dual layer NWs. b Polar plot depicting the individual NW volume
of 120 InAs/GaAs(Sb) (blue) and GaAs(Sb) (orange) NWs grown
on GaAs(311)A as a function of in-plane orientation (f) in steps
of 3°. The subtracted volume gives the distribution of amount of
InAs (green).

was performed on such arrays from sample 4, with the longest InAs
growth time (see Fig. 6.3a) to determine if there was a preferential
distribution of material. Figure 6.3b depicts the volume extracted from
AFM of all 120 NWs from sample 4 and sample 1 (reference sample).
The volume distribution for the GaAs(Sb) NWs shows a decrease
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at 0°, 72°, 108°, 180°, 252° and 288°. These locations correspond to
the high-symmetry orientations as labelled, although the (112) di-
rections are 1° away from the labelled orientations. The decrease in
material incorporation can be explained by the longer Ga adatom
diffusion lengths along these directions. Mis-orientation from these
directions results in stepped NW surfaces that act as nucleation sites
for incoming adatoms and result in increased material incorporation
(see Section 4.4). Away from the high-symmetry orientations, the vol-
ume distribution is approximately the same and does not reveal an
underlying trend.

a [011]

\\| / .
‘ /)
/ / 1/ “[//"
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Figure 6.4: a, (b) Close-up 3D AFM topography of the [011] ([112]) - ori-
ented NWs, titled 45° away from the [311] zone axis. They
highlight the continuous InAs morphology in case of the [011]-
oriented NWs whereas a high density of island growth is visible
for [112]-oriented NWs.

The InAs/GaAs(Sb) NWs follow the same trend for the (110) orien-
tations, however the (112) orientations show no decrease. While the
[011]-oriented NWs show a continuous morphology, interestingly, a
high density of 3D island growth is observed along the (112)-oriented
NWs (see Fig. 6.4a and b respectively). Despite the well-defined facets
of the underlying GaAs(Sb) layer for these orientations (see Section 5.2,
Fig. 5.5a), the InAs layer does not follow the formation of the under-
lying facets and instead remains in the form of 3D islands atop the
buffer layer. It is possible that the In adatom diffusion length along
the (112) directions (NW axis) is unfavourably short and does not
allow for merging of the islands, although not much research exists in
relation to this hypothesis. A more likely explanation could be that
since the underlying GaAs(Sb) NW exhibits a combination of polar
(111)A and non-polar (110) facets, the InAs growth conditions are
not optimal for simultaneous growth on either facets. It has also been
shown that during MBE growth, there exists net inter-diffusion of In
adatoms across [111]A - (100) facets, the direction and flux of which
is highly dependent on the growth conditions [98]. It is possible that a
similar preferential diffusion across the underlying facets is favoured
in one direction, resulting in increasing 3D growth. For the [011]-
oriented NWs, the underlying low-symmetry (53 3) facet is A-polar
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and thus the In adatoms likely do not have to overcome a change on
polarity, facilitating the diffusion of In adatoms along this direction.
The distribution of the InAs/GaAs(Sb) volume away from the (110)
directions can be seen in the top-view AFM topography of the array
Fig. 6.3b. Subtracting the volumes to obtain the distribution of only
InAs reveals no underlying trend and it can be concluded that it is
distributed randomly along all NWs except the ones oriented along
the [011] and [011] directions.

Nanowire faceting

a [011] b

(533) B

GaAs(Sb)

c == GaAs === GaAs(Sb)
= InAs+GaAs(Sb)

o

height (nm)
A ®
S

o

o— 0 100 200
[011] © [311]A width (nm)

Figure 6.5: a Stereographic projection of the [311] zone axis of a Zinc Blende
(ZB) crystal. The (311) substrate exhibits two high-symmetry
in-plane orientations, of which the [011] oriented NWs form
the basis of this study. The corresponding facets that the NWs
can exhibit are given by the poles situated on the normal (dot-
ted lines) to the NW orientation (solid lines). b Cross-sectional
HAADEF-STEM micrograph of a NW with width W3 with an
overlaid schematic of the facet labels. ¢ AFM profiles of NWs of
the same dimension from the reference GaAs(Sb) sample and the
InAs/GaAs(Sb) sample. Solid and dashed lines correspond to the
profiles averaged along a 1 um long segment, with the standard
deviation showed as colored bands.

Figure 6.5a shows a stereographic projection that reveals the crys-
tallographic symmetry of the [311] zone axis of a Zinc Blende (ZB)
crystal. To know more about the symmetry associated with the (311)
substrate orientation, please refer to Section 5.2. The poles on the
outermost circle correspond to high symmetry in-plane orientations
on the (311) surface. There are 2 sets of families of high-symmetry
orientations for the (311) zone axis, namely the [011] (equivalent
to [011]) and [112] (equivalent to [112], [121], [121]) along which
NWs can be expected to exhibit well defined facets. The possible facets
that the NWs can exhibit is indicated by the poles occurring along the
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normal (dotted lines) to the NW direction (solid lines), marked by the
same color.

As discussed in Section 2.6, the actual facets that the NWs exhibit
depend on the set of of mask design parameters such as width, length
and the proximity to another NW (pitch); and growth parameters
such as Ty, V/III flux ratio, use of surfactants, growth rates as well
as growth time. Figure 6.5b shows a cross-sectional HAADF-STEM
micrograph of GaAs(Sb) NW oriented along the [011] direction (cor-
responding to sample 1, see Table 6.1). They differ from the ones
observed for pure GaAs growth as seen in the AFM topography
presented in Fig. 6.5c. Pure GaAs NWs develop {111} A facets as
opposed to the GaAs(Sb) NWs which manifest a very low-symmetry
(533) facet, along with a combination of multiple high-order facets
that result in a rounded shape (highlighted in white dashed lines).
These facets do not correspond to the expected shape associated with
the symmetry of the substrate, and the possible reasons have been
discussed in Section 5.2 (see Fig. 5.6). On the other hand, when InAs
is grown atop the GaAs(Sb) NW, it acquires the {111}A facets as
expected as seen in Fig. 6.5c. Even though it remains unclear why, it
can be concluded that for the set of growth conditions used in this
study, Sb modifies the surface energy to promote the growth of high
index (low symmetry) (53 3) facets.

Thus the remainder of the analysis is only performed on [011]-oriented
NWs from sample 4 which exhibit well-defined facets for the InAs layer for
most number of widths.

6.3 Reproducibility

In this section, the reproducibility of the structural characteristics
such as NW height (H) and facet length (F) of [011]-oriented InAs/-
GaAs(Sb) SAG NWs from sample 4 is investigated. Although the
SAG NWs were defined identically, several effects lead to structural
variations at different length-scales both within individual NWs and
between NWs across the arrays. Stacking faults and misfit dislocations
due to lattice mismatch between the underlying GaAs(Sb) and InAs
along with material intermixing caused by Ga diffusion (discussed
later in Section 6.4.2) during InAs growth are the causes for variations
on the microscopic level in the InAs SAG NW. These effects result
in variations in the NWs on the 5 — 10nm scale but the effects on
electrical transport (dsicussed later in Chapter 7) in micro-meter scale
devices can be expected to be effectively averaged. On the larger scale,
etching induced line edge roughness (typically 1 — 2nm) of the mask
openings translates to structural variation of NW topography. Vari-
ations can also extend along the NW with a length scale set by the
diffusion length of In and Ga adatoms due to increasing diffusion
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Figure 6.6: a Dark-field optical microscope micrograph of arrays of SAG NWs
used to quantify the reproducibility in structural and electrical
characteristics. Vectors #; and 7, indicate the directions along
which the AFM measurements for subsequent statistical analysis
were taken. b Close-up of the region highlighted in a, the distance
between each layer of NW arrays is 20 ym. ¢ AFM micrograph of

5 SAG NWs, the inter-wire distance in the NW array is P = 2 ym.

d 3D AFM topography of a segment of a single SAG NW segment
highlighted in c.

of adatoms from the ends of the growing crystal to the surrounding
mask [22].

To investigate such variations, topographic AFM images of NWs
from a large array were analyzed. Figure 6.6a and b show a dark-field
optical microscope of the entire array and a close-up of the highlighted
region, respectively. The NWs are arranged in 512 x 16 arrays with
an inter-wire distance of P = 2um and an inter-array distance of
20 ym. Figure 6.6c shows an AFM micrograph of 5 SAG NWs along
with a 3D representation of a single NW presented in Fig. 6.6d. AFM
was performed on 1 ym long segments of NWs from approximately
the middle region of the NWs. The choice of the segment length

corresponds to the channel length used for electrical characterization.

Scans consisted of 5 NWs from each array, approximately along 7;
(diagonal across the entire array), and along @, (vertical across the
entire array) as indicated in Fig. 6.6a. A total of 180 NWs were imaged
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to determine a positional dependence on the structural characteristics
from the ~ 1.0mm x 0.6 mm large NW array.

= InAs
== GaAs(Sb)

100
w (nm)

Figure 6.7: a HAADF-STEM micrograph of a cross-section of a InAs/-
GaAs(Sb) SAG NW from sample 4 used for the structural and
electrical characterization. The NW exhibit an asymmetric cross-
section bound by {111}A facets. b The mean AFM profiles of
an InAs/GaAs(Sb) NW and a GaAs(Sb) buffer layer (solid lines)
averaged over 9 ym and 2 ym long NW segments respectively.
The colored bands show the standard deviation. F is the measure
of the facet length and H is the height measured from the SiO,
mask to the highest point on the NW.

A cross-sectional HAADF-STEM micrograph of a [011]-oriented
dual layer InAs/GaAs(Sb) NW with SAG mask dimensions of: W4 ~
175nm and L = 10 um, is shown in Fig. 6.7a. The NWs exhibit an
asymmetric NW shape bound by {111}A facets in the InAs region
with an underlying GaAs(Sb) buffer exhibiting a combination (53 3)
and multiple high-order facets which result in a rounded shape. Fig-
ure 6.7b shows a typical AFM mean profile (solid lines) of the InAs/-
GaAs(Sb) and GaAs(Sb) NWs averaged over length of 9 ym and 2 ym
respectively. The standard deviation is depicted as the colored bands.

For InAs NWs, electronic transport at cryogenic temperatures is
usually dominated by a surface accumulation layer and thus in the
simplest case, the conductance is expected to be proportional to the
facet length F. Figure.6.8a and b show F and the NW maximal height
H respectively along the length of a single NW, excluding 500 nm
from both ends to eliminate the contribution from differing end facets.
The corresponding running averages shown are sampled over a 1 ym
long window since this length constitutes the active element of the
NW field effect transistors in the electrical devices and the effects from
variations within a window smaller than the channel length will be
effectively averaged.

Figure6.9a and b show F and H averaged over a 1 ym long seg-
ment from approximately the center of the NWs (180 individual NWs
along the vectors 77 and 73 in Fig.6.7a). There is a similar systematic
linear trend observed in (H) between the NWs along the 77 and 75
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Figure 6.8: a, (b) F (H) along the length of a single NW disregarding the
0.5 um long segments at the ends of the NW. The black line
indicates the running average value over a 1 ym long window.
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Figure 6.9: a (b) (F) and (H) over 1 ym long NW segments taken approx-
imately along 7; (7). ¢ (d) show (H) along ; (7), with the
original data, a linear fit and the linear fit subtracted from the
original data, labelled as offset data.
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64 EFFECT OF MASK DIMENSIONS AND ORIENTATIONS

directions. This systematic variation can be attributed to large scale
fluctuations in the growth parameters across the substrate such as
substrate temperature and material fluxes taking into account the
large size of the NW array. However, the similarity in the trends in
(H) along the 7] and v, directions also means that the variation along
03 must be negligible. Thus, a linear fit is performed on the original
(H) along the 77 and v, directions to estimate the systematic variation
and presented in Fig. 6.9c and d respectively. This is then offset from
the original data by subtracting the linear fit. The overall slopes along
0] is 4.8 nm and along 7 is 4.6 nm.

a b

50 mm \Mean 40 1
Min.

30 {
2 2
[ [

3 25- 3 20
(@] (@]

H 10 -

Ll N

190 210 230 78 80 82
F (nm) 10 <H> (nm)

Figure 6.10: a Histograms of (F) and Fp;, across 180 NWs. b Histogram of
(H) across 180 NWs.

The distributions of the mean and minimum F and the offset (H)
of all 180 NWs within the large array are shown in Fig.6.10a and b
respectively. (F) and (H) give a possible estimate of the variation of the
conduction channel in the NWs while exceptionally narrow segments
Fiin can behave as bottlenecks that can limit conductance. (F) =
225.7nm and (H) = 80.2nm Although all growth and fabrication
parameters were kept constant across the SAG NW array, the local

variations lead to a normalized standard deviation of o/ (F) = 2.56 %.

The normalized standard deviation for the NW height on the other
hand, oy /(H) = 1.55 %, is significantly smaller. The microscopic and
large-scale structural variation of nominally identical SAG NWs have
the potential to influence the electrical characteristics of SAG quantum
devices. Thus it is important to quantify the variations and use it as a
metric to compare the quality of NWs across different samples and
eventually improve structural reproducibility.

6.4 Effect of mask dimensions and orientations

After quantifying the structural reproducibility of the InAs/GaAs(Sb)
SAG NWs for a fixed dimension, it is useful to consider the effect of
varying mask dimensions on the NW morphology. AFM is used to
study the influence of W and 6 on the structural characteristics such as
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64 EFFECT OF MASK DIMENSIONS AND ORIENTATIONS

cross-sectional area (A) and facet roughness (S;). The NWs considered
here have 9 varying widths (W1 - W9) which correspond to a range
of ~ 100nm to ~ 400 nm. For all widths, NWs grown along the [011]
direction and mis-oriented with respect to it by maximally 6 = $4.5°
in increments of 0.5° are considered.

6.4.1 Morphology

H
SiO,
mask
0

w3 W4 W5 W6 W7 W8 W9

increasing trench width ——

Varying width

3 um

b c
B GaAs substrate ™ GaAs(Sb)
SiO, mask InAs o~
[111] A £
=
<

-/ 100 200 300 400
W1- W9 (nm)

Figure 6.11: a Top-view AFM topography of the 3 um long segments of NWs
for widths W1 -W9 increasing from left to right. The color bar
shows the height distribution where H represents the maximal
height for all NWs. b Schematic of a typical [011]-oriented
InAs/GaAs(Sb) NW bound by {111}A facets, with the maxi-
mal NW height (H), width (W) and in-plane orientation () as
labelled. ¢ Width dependence of the average cross-sectional area
((A)) of the NWs, the minimum area (Apn) and the average of
the variation in A, presented again for completeness.

Top-view AFM topography of 3 um long segments of NWs with
increasing trench width from 100 — 400 nm is shown in Fig. 6.11a. The
NWs with width W1 - W5 show the existence of a continuous InAs
layer, however for wider NWs, the amount of InAs is not enough to

73



64 EFFECT OF MASK DIMENSIONS AND ORIENTATIONS

completely cover the underlying GaAs(Sb) layer. Figure 6.11b shows a
schematic representation of a typical [0 1 1]-orientated InAs/GaAs(Sb)
NW corresponding to width W4 on a GaAs(311)A substrate. The
asymmetric cross-section of the NW bound by {111}A facets (for the
InAs region) is a result of the substrate and in-plane orientation of the
NW. The underlying GaAs(Sb) layer is not bound by high-symmetry
facets as a result of the use of Sb as a surfactant during GaAs buffer
growth. The NW width is a measure of the width of the mask openings
(and equivalently corresponds to the width of the GaAs(Sb) buffer)
whereas the maximal height (H) is a measure of the highest point
along the InAs channel with respect to the SiO, mask (see Fig. 6.11b).

To quantify the InAs coverage, the corresponding average cross-
sectional area of the InAs region ((A)), the minimum area (Amin)
and the average of the variation in A along a length of 3 um ((¢)),
the values for GaAs(Sb) are subtracted from the InAs+GaAs(Sb) (see
Fig. 6.12b) and plotted as a function of W in Fig. 6.11c. For W1 -WS5,
(A) and Apin scale linearly, while (¢) remains very small. However,
for wider NWs, Apin no longer scales as (A) and (¢) increases signifi-
cantly.

Cross-sectional area

The cross-sectional area A is extracted for InAs/GaAs(Sb) dual layer
NWs (Fig. 6.12a, left) and GaAs(Sb) NWs (Fig. 6.12a, right) over a 3 ym
long segment from approximately the central region, for widths W1 -
W9. With increasing width, the variation in A for the InAs/GaAs(Sb)
NWs increases significantly due to insufficient amount of InAs. The
GaAs(Sb) NWs exhibit a homogeneous A along the length, however,
there is an overall slope for all widths which arises from the decreasing
material incorporation towards the ends of the NWs. This means that
it is likely that the AFM data was acquired further away from the
central region in this case. This variation along the length is further
discussed below. The corresponding average cross-sectional area ((A))
of the InAs/GaAs(Sb) and GaAs(Sb) NWs, the minimum area (Amin)
and the average of the variation in A ((¢)) calculated from the data
in Fig. 6.12a is presented in Fig. 6.12b, left and right respectively. It
can be concluded that the GaAs(Sb) NWs are homogeneous since the
values for (A) and Amin are essentially the same with a negligible (&).

This can be better visualized in Fig. 6.13 which shows the average
cross-sectional NW profiles from samples with the InAs layer (solid
lines) and without (dashed lines) and the standard deviation (colored
bands) in the NW topography extracted from 3 ym long segments.
Where shown, the corresponding HAADF-STEM micrographs confirm
that the AFM topography is in good agreement, except for the regions
with the (111)A facet, which is expected to not be resolved using
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Figure 6.12: a left (right) Length dependence of cross-sectional area A of the
InAs/GaAs(Sb) (GaAs(Sb)) NWs over 3 um long segments, for
widths W1 - W9. b left (right) Width dependence of the aver-
age cross-sectional area ((A)) of the InAs/GaAs(Sb) (GaAs(Sb))
NWs, the minimum area (Amnin) and the average of the variation

in A ((5))-

AFM due to its almost vertical inclination with respect to the substrate
(~ 80°). The NWs with widths W1 - W5 are bound by {111}A facets
as confirmed by the HAADF-STEM micrographs. NWs with width
W6 and W7 also exhibit similar faceting, in regions that contain a con-
tinuous layer of InAs. Upon comparing the evolution of the NW shape
with increasing width, the tendency for the InAs layer to accumulate
on the longer facet of the underlying GaAs(Sb) layer can be observed.
It is illogical to define facets for NWs with width W8 since the InAs
layer grows very inhomogeneously. However, NWs with width W9
show a shift in the nanowire geometry where the InAs forms a contin-
uous layer on the shorter facet of the underlying GaAs(Sb) layer. The
InAs NW still exhibits the {111}A facets, however, it now exhibits
an almost symmetric cross-section (both facets have approximately
the same length) that is inclined with respect to the substrate zone
axis. It is possible that width W9 is so wide that the InAs growth
on either sides of the underlying GaAs(Sb) facets and proceeds to
grow independently due to the influx of adatoms from either side
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Figure 6.13: Topographical profiles extracted from AFM micrographs for all
widths where the solid and dashed lines correspond to the aver-
age profiles of InAs/GaAs(Sb) and GaAs(Sb) NWs respectively.
The colored bands depict the standard deviation in the NW
topography extracted from 3 ym long segments. Cross-sectional
TEM micrographs of the NWs are presented for widths W3 — W6
(scale bar is 50nm) and W9 (scale bar is 100 nm).

of the NW. The amount of InAs supplied for this sample might not
have been enough for NWs with this width to completely cover the
underlying buffer layer, but it was enough to form a continuous layer
on one side. Thus, individual islands are observed on the flatter facet
which do not have a chance to merge due to insufficient material. This
might also explain why NWs with widths W8 show some regions of a
continuous InAs layer on the steep facet and some regions of island
growth, implying that this width could be a transition width beyond
which adatoms diffusing on top of the steep side of the buffer layer are
able to preferentially incorporate into the growing InAs NW, instead
of migrating towards the flatter facet. This could ensure that there was
enough material for it for form a continuous NW with well-defined
facets.
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Figure 6.14: a (b) Height profiles of InAs/GaAs(Sb) (GaAs(Sb)) NWs along
a the entire length of 10 ym for different widths. For InAs, only
widths W2 - W5 and W9 are showed, whereas W2 - W9 are
showed for the GaAs(Sb) NWs.

Height profile

The NWs used in this study are designed to be 10 ym long. In
Fig. 6.14a (b), the NW maximal height extracted using AFM is plotted
along the NW length for InAs/GaAs(Sb) (GaAs(Sb)) NWs. The max-
imal height is considered as a way to minimize contributions from
different facets that might be present for different widths, however,
these contributions cannot be excluded at the NW ends. Despite this,
the GaAs(Sb) NWs show an inhomogeneous height profile, where
beyond the 1 - 2 ym long segments towards the middle (highlighted
by the black arrows), there is a constant decline in the height profile
towards the ends. This can be attributed to an increase in surround-
ing SiO, mask area allowing the Ga adatoms to diffuse onto, rather
than incorporating into the growing crystal. This has been observed
in GaAs(Sb) NWs grown on GaAs(100) substrates and can be at-
tributed to the decreasing adatom density at the NW ends. This has
been modelled and presented in Martin Cachaza’s PhD dissertation
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[99]. Interestingly, after InAs growth, the NW height profiles show
larger variation compared to the homoeptaxially grown GaAs(Sb) on
the long range but the gradual decline towards the ends is not ob-
served. This can be explained by the so-called "sink” effect [22] where
In adatoms are observed to have the opposite behaviour compared to
Ga adatoms (see Section 2.5). It essentially means that at the growth
conditions implemented in this experiment, the effective diffusion of
In adatoms from the surrounding SiO, mask to the growing crystal is
larger than from the crystal to the mask. It is thus possible that the
In and Ga composition along the length of the NW is not constant,
however, since the structural characterization using AFM and electrical
measurements were conducted on 3 ym and 1 ym long segments from
approximately the central region of the NWs, only a small difference
in the group III incorporation is expected. The NWs considered for
electrical characterization consist of 1 ym long segments, and thus
the difference in composition along that channel length will be even
smaller. It is however not possible to confirm this with EELS. This is
because given the NW orientation, the surfaces that are exposed with
longitudinal views are of very high order directions, which are not
feasible for viewing along for TEM.

Varying in-plane orientation

For NW widths W3 - W9, the effect of in-plane misorientation
with respect to the [011] direction, § = +4.5° with a step size of
0.5° is considered. The resulting topography of the NWs obtained
by performing AFM and the top-view images of 1 ym long segments
from approximately the middle of the NWs are presented in Fig. 6.15,
where H denotes the maximal height of the NWs. As discussed, for
NWs with width W6 - W9, the amount of InAs supplied is not enough
to completely cover the underlying GaAs(Sb) layer and this results in
increasingly broken segments of InAs on the longer facet. The latter
causes an increased variation in the NW cross-section (¢) along the
length.

This average variation in the cross-sectional area of the NWs nor-
malized to the average cross-sectional area (({)norm = (&)/(A)) is
presented as a function of W and 6 in Fig. 6.16a. It should be noted
that () was extracted from AFM data of arrays of NWs where the
data for NWs with 6 # 0 was not corrected for the in-plane rotation.
This will result in a very small additional variation caused due to the
method of extracting ¢. Despite this, it is evident that the wider NWs
exhibit a larger variation, both due to increasing W and 6. In order to
make a meaningful correlation with transport measurements to the
quantify the effect of mis-orientation of on the electrical characteristics
of these NWs, longer InAs growth time is required so that there is
enough material to form a continuous channel.
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Figure 6.15: Top-view AFM micrographs of NWs with of varying width (W3
- W9) and varying in-plane orientation (¢ = £4.5°) in steps of
0.5°. With increasing width, the amount of InAs is not enough
to completely cover the GaAs(Sb) buffer. The close-up view of
the NWs highlighted in the red boxes is presented in Fig. 6.16b.

For widths W3 - W5, the complete layer of InAs also results in
increased variation with increasing 6. This can be observed in the
close-up 3D AFM topography of NWs with width W4 (highlighted
in red boxes in Fig. 6.15a) presented in Fig. 6.16b. Segments of the
misoriented NWs tend to align with respect to the high-symmetry
in-plane [011] orientation to maintain the (111)A facets, however,
under the constraint of the underlying SiO, mask, with increasing 6,
the segments become shorter due to the highly unfavourable epitaxial
growth on an amorphous surface. Following the method adopted in
Section 4.2, the effect of 6 = £4.5° on the quality of the NW morphol-
ogy is quantified using the facet roughness (S;) of the (111)A facet
from 1 ym long segments of the NWs. This is presented in Fig. 6.16¢,
where S; is minimized for = 0 and increases with increasing 6. Thus,
to minimize surface roughness, it is very important to align the NWs
along the high-symmetry orientations. The effects of disorder in sur-
face morphology on electrical transport is presented in the following
Chapter 7 by conducting electrical transport experiments at cryogenic
temperatures on NW based field effect transistor (NWFET) devices.
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Figure 6.16: a Average variation in the cross-sectional area of the NWs nor-
malized to the average cross-sectional area (({)norm = (¢)/(A))
for NWs with W3 - W9 and 0 = +4.5°. b 3D AFM topography
of NWs with width W4 showing steps along the NW facets for
8 # 0. ¢ Facet roughness (S;) along the (111)A facet of the
NWs with width W3, W4 and W5 for 8 = £4.5°, highlighting
the effect of in-plane misalignment despite forming a complete
InAs layer on top of the underlying GaAs(Sb) buffer.

6.4.2 Composition and strain relaxation

In this section, the InAs/GaAs interface is investigated for distribution
of In and Ga composition within the NWs, along with the presence of
crystal defects owing to the large lattice mismatch of ~ 7.7% between
the two materials.

Chemical composition using EELS

Electron Energy Loss Spectroscopy (EELS) of the NWs presented
in Fig. 6.17a for widths W3 - W6 and W9 is used to obtain the cor-
responding elemental composition. This is presented with respect
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Figure 6.17: a HAADF-STEM micrographs of NWs with widths W3 - W6 and
W9. b Corresponding In (top) and b Ga (bottom) relative atomic
% compositional maps of NWs obtained by electron energy loss
spectroscopy (EELS). The InAs region is found to be diluted
with Ga. The white dashed lines show Ga-rich regions in the
InAs channel.

to the In and Ga relative atomic % in Fig. 6.17b (top) and (bottom)
respectively. There are some Ga traces within the InAs region of the
NWs observed in the relative quantification maps, where a gradual
change of composition from the GaAs(Sb) buffer to the edge of the
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NW is observed. It can be seen that the In concentration is highest
towards the edge of the NW for all widths presented.

For width W3, the measured In content at the outer edge of the NW
is found to be 80 % and is the lowest compared to the all other widths.
Widths W4 and W5 show a Ga diffusion of ~ 8 - 10 % towards the
outermost InAs region. For width W6, it is observed that the relative
In atomic % reaches a saturation of 99 % in some parts of the NW close
to the edge towards the longer (111)A facet. This is coincident with
pure InAs taking into account the associated errors in the acquisition
process. However, even with the higher concentration of In attained in
these NWs, there is still some Ga diffusion towards the NW, which
follows a gradual decrease from the GaAs(Sb) buffer to the large InAs
top facet, as seen by a gradual color change at the InAs/GaAs(Sb)
interface.

The NW with width W9 also shows some gradual Ga diffusion to-
wards the longer GaAs(Sb) facet. However, in this case, the transition
to InAs within the central region of the NW is more abrupt than in the
other widths. The In vs. Ga ratio towards the (111) facet reaches the
maximum of the whole heterostructure, with a 95 % In vs 5 % Ga. For
all widths presented here, a preferential diffusion of Ga is observed
along the [001] direction, identified from the Ga-rich regions high-
lighted in Fig. 6.17b (top) with white dashed lines. Such preferential
diffusion has been reported in GaAs(Sb)/InGaAs/InAs NWs grown
on GaAs(001) substrates and is associated with a difference in the
mobility of In and Ga species [21].

Overall diffusion from the underlying GaAs(Sb) buffer layer to-
wards the InAs channel is probably caused by the high strain which
builds up at the interface. Thus, it has been proposed that Ga diffusion
arises as a strain minimization mechanism during growth of lattice-
mismatched InAs and GaAs. The strain mechanism is discussed below.

Strain relaxation

Figure 6.18a shows the cross-sectional HAADF-STEM micrographs
of NWs with width W3 - W6 and W9, along with the corresponding
dilatation maps with respect to the (111) and (111) planes presented
in Fig. 6.18b. It should be noted that the zone axes for W3 and W6 and
W9 are mirrored compared to the remaining images. The NWs for the
widths presented here are bound by {111}A facets, as expected from
the AFM analysis. For all widths, an array of misfit dislocations all
along the InAs-GaAs(Sb) interface can be observed in the D(111) map,
highlighted by black arrows only in the top row to preserve visibility
of the maps. From the maps, it can be seen that the strain relaxation
happens abruptly at the interface, highlighted by the sudden change in
color going form the GaAs(Sb) buffer to the InAs region. In structures
where ternary buffers are introduced in between the GaAs buffer
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a HAADFSTEM P (177) (111)

Figure 6.18: a High-angle annular dark field scanning transmission (HAADF-
STEM) micrographs show a cross-sectional view of the GaAs(Sb)
and InAs regions of the NWs roughly from the middle of
an array of 50 NWs oriented along the [011] direction on
a GaAs(311)A substrate, for widths W3 - W6 and W9. The
morphology of all NWs shows that the InAs channel exhibits
{111}A facets. b Dilatation maps of all NWs show an array
of dislocations at the GaAs(Sb)/InAs interface. Scale bars are
consistent in a and b.

and the InAs channel [21], the strain relaxation is observed to be
much more gradual. Here, the interface exhibits an array of misfit
dislocations visible via the discontinuity in color at the interface for
all widths.
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Figure 6.19: Dilatation of the (1 TT) planes for widths W3, W4, W5, W6, W9
which shows that all NWs except W9 only reach the InAs lattice
parameter for the outermost layers of the NW (white arrow in
the inset represents the directions along with the profile was
extracted for all widths). For W9, there exists a larger region for
which the lattice constant approaches the relaxed value.

Relative dilatation is extracted for NWs with widths W3, W4, W5,
W6, W9. Figure 6.19 compares the dilatation %. For W3, the values of
dilatation get close to relaxation i.e., get close to 7.7% (though slightly
under it) just at the very top of the NW, but this value is reached
gradually across the interface over a distance of ~ 30nm. The same
applies for widths W4, W5 and W6. However, for W9 the InAs, the
lattice constant approaches the relaxed value of 7% for large region,
unlike for NWs with smaller widths. The relaxation happens a little
more abruptly over a distance of ~ 10nm. EELS maps displayed
earlier (see Fig. 6.17) reveal that there exists some Ga diffusion to the
InAs region, which explains the gradual increase in dilatation. Thus
the In content is not exactly 100% at the outermost regions, meaning
the relaxed InAs value will not be achieved and the NWs are rather
InGaAs very rich in In content, even if it is relaxed.

To understand if the strain is fully relaxed via formation of mis-
tit dislocations, rotational maps are also plotted in Fig. 6.20. For all
widths presented here, the following observations are common: the
{111}A planes show a splitting visible as a color change, indicating
the presence of an asymmetric in-plane rotation at the NW edges. The
rotation is stronger (~ 3°) on the shorter {111}A planes covering the
more inclined regions of the GaAs(Sb) buffer than on the other side
that sits atop the longer facet. Rotation on the side covering the large
GaAs(Sb) facet shows a strong difference between widths W3 - W6 go-
ing from ~ 0.65° to ~ 2° for W9. Even though the plane splitting exist
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Figure 6.20: a High-angle annular dark field scanning tunneling (HAADEF-
STEM) micrographs show a cross-sectional view of the GaAs(Sb)
and InAs regions of the NWs roughly from the middle of
an array of 50 NWs oriented along the [011] direction on a
GaAs(311)A substrate, for widths W3 - W6 and W9. b The rota-
tional maps indicate asymmetric rotation of the {111}A crystal
planes between the GaAs(Sb) buffer and the InAs channel. Scale
bars are consistent in a and b.

for width W9, interestingly, the region with towards the steep facet (in
green) is much smaller. This could align with the hypothesis that for
this large width, the continuous InAs channel grows independently
on one side of the underlying buffer, resulting in more homogeneous
plane rotation. Therefore, the morphology of the heterostructure likely
has a strong influence on the plane rotation relaxation mechanism.
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The relaxation mechanism involves the formation of an array of misfit
dislocations (plastic relaxation) and asymmetric elastic plane rotation
the NWs.

el
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Figure 6.21: a High resolution HAADF-STEM micrographs of NWs with
widths W3 - W6 and W9. b Zoomed-in regions indicated by the
white boxes, white arrows indicate the stacking faults, which
always occurs parallel to either of the {111} A facets. Red arrows
highlight the multiple nucleation sites for the case of W9.

Another way of strain relaxation, in addition to misfit disloca-
tions at the InAs/GaAs(Sb) interface, are stacking faults. Figure 6.21
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shows high resolution HAADF-STEM micrographs of select NWs with
widths W3 - W6 and W9. The stacking faults are highlighted with
white arrows, and are always seen to occur parallel to either of the
{111} A facets. They could indicate the the interface of multiple differ-
ent islands that merge together. Additionally, for W9, the micrographs
also show the occurrence of multiple nucleation sites (highlighted
by red arrows) originating from the short and long GaAs(Sb) facets
confirming that for this dimension, InAs growth starts independently
on either facets of the underlying buffer. Stacking faults emerging in
almost all the NWs observed here, is an indication of non-optimized
growth parameters. InAs-GaAs is highly lattice mismatched and the
resulting heterostructure growth is possible only at the cost of lower-
ing the crystal quality. Introducing ternary buffers, changing the InAs
growth time to deposit less material to reduce strain in the system
might a possible solution, but requires a careful design of the SAG
substrate.

6.5 Conclusions

A systematic study of the structural characteristics of InAs/GaAs(Sb)
SAG NWs grown on GaAs(311)A substrates, primarily using AFM,
has been presented. The relevant parameters such as NW height (H),
facet length (F), cross-sectional area (A) have been extracted from the
AFM data and are used to represent the quality of the NW morphology.
They have been presented along with a statistical significance for 180
NWs (of a fixed width) spread across a 512 x 18 array and show that
H has a variability of 1.55% and F has a variability of 2.56%. Next, the
effect of varying SAG mask dimensions such as width (W) allows to
map a temporal study of the InAs growth from a single sample. It is
found that for the growth conditions implemented here, NWs with
W =100 — 220nm result in the formation of a continuous layer of
InAs, bound by {111}A type facets, almost covering the entirety of
the underlying GaAs(S) buffer layer. Increasing W has a detrimental
effect of the NW facet roughness (S;) due to increasing discontinuities
in the InAs layer. However, a further increase to W = 400 nm leads
to the formation of a continuous InAs channel primarily on one side
of the underlying GaAs(Sb) buffer layer, bound by the same facets
but exhibits a symmetric cross-section. The effect of in-plane mis-
orientation with respect to the high-symmetry in-plane direction on
the NW morphology for different W has also been quantified in terms
of facet roughness S,. It is found that S, increases with increasing
mis-orientation for all W but increases even more for larger W due to
the insufficient amount of InAs. The AFM data for NWs with different
W has also been supplemented with relevant crystal structure, strain
and composition analysis and gives insight into the quality of the
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InAs/GaAs interface and the crystal quality of the InAs channel. It
is found that the NWs with width W9 have show the highest In
content and approach the InAs lattice constant more abruptly than for
other NWs. The large scale structural characterization confirms the
feasibility of using SAG as a scalable, reproducible platform for NW
based circuits. The study of the effect of varying SAG mask dimensions
on the NW morphology and crystal structure allows us to determine
the optimal dimensions to obtain high quality NWs. The importance
of the study of NW morphology to understand the corresponding

electronic transport behaviour will be seen in the following Chapter 7.
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Electrical Characteristics

The results presented in this chapter partially overlap with manuscripts
[3] and [4], respectively:

Cryogenic multiplexing with bottom-up nanowires

D Olsteins, G Nagda, D J Carrad, D Beznasyuk, C E N Petersen, S
M-Sénchez, ] Arbiol, T S Jespersen

In review

Dimension dependent electrical transport in planar InAs nanowires
G Nagda, D Olsteins, S M-Sanchez, D Beznasyuk, D ] Carrad, ] Nygard,
J Arbiol, T S Jespersen

In preparation

The device fabrication and electrical transport measurements were
carried out by Dags Olsteins affiliated with the Center for Quan-
tum Devices, Niels Bohr Institute, University of Copenhagen, 2100
Copenhagen, Denmark. The subsequent data analysis was performed
in collaboration with Dags Olsteins and Damon Carrad, affiliated
with the Department of Energy Conversion and Storage, Technical
University of Denmark (DTU), 2800 Kgs. Lyngby, Denmark.
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7.1 Introduction

InAs (and InSb [100]) NW-based FETs are promising candidates for
ultra-low-power electronics and quantum information processing ap-
plications due to their high carrier mobility when compared to NWs
based on other materials [101—104] and intrinsic confinement [105]
making it particularly attractive for use in cryogenic electronics. Con-
tinued efforts are being made to improve the quality of InAs NWs
in this regard [106-108]. The development of large scale integrated
(LSI) circuits incorporating many interacting such devices requires
potential materials to exhibit high-precision reproducibility and scal-
ability. However, large scale characterization of electronic transport
properties has not been as feasible as optical techniques such as y-
photoluminescence [109]. To demonstrate that the NWs developed
in this study are a promising platform for quantum electronics due
to the possibility of controlled growth of large-scale arrays, the first
demonstration of LSI circuits based on InAs SAG has been made.

A multiplexer-demultiplexer (MUX/d-MUX) set-up is realized for a
statistical characterization of nanowire field effect transistor (NWFET)
devices. Electrical characteristics such as the threshold voltage (V)
and field effect mobility (urg)of 256 nominally identical NWFET de-
vices are quantified with a statistical significance. The correlation
between these parameters after performing a thermal cycle is also
analyzed to understand the significance of contributions from struc-
tural variability to the device performance. Further, the dependence
of electrical transport characteristics on the NW dimensions such
as width (W) and in-plane orientation () in terms of structure and
morphology is discussed and a correlation with the structural char-
acteristics demonstrated in Chapter 6 has been found. Briefly, the
results from a large array of nominally identical SAG NW quantum
dot devices which show that multiple NWs can be simultaneously
tuned to Coulomb blockade using only a small number of shared
gates, have been presented.

7.2 Field effect transistors

A field-effect transistor (FET) is an electronic device that controls the
flow of current through the semiconductor channel by varying the
voltage applied to a gate electrode. The basic structure of an InAs
NW-based FET consists of a single InAs NW with source and drain
electrodes at either end and a gate electrode placed on top of the NW
(see inset in Fig. 7.2a). The source and drain electrodes are typically
made of a metal such as gold, while the gate electrode is separated
from the semiconducting channel with an insulator. When a voltage
is applied between the source and drain electrodes (Vsp), electrons
flow through the InAs NW channel. The gate voltage (V) applied to
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the gate electrode modulates the electron density in the channel and
hence the current (Isp) flowing through the channel.

At cryogenic temperatures, the carrier mobility in InAs NWs is
enhanced due to reduced phonon scattering. This results in a higher
transconductance (G), which is the rate of change of drain current
(Isp) with respect to gate voltage (V). The reduced background carrier
density at cryogenic temperatures also leads to a lower gate capaci-
tance, which enhances the gate control over the channel. In addition
to enhanced carrier mobility and gate control, InAs NW-based FETs
operating at cryogenic temperatures can also exhibit unique transport
properties due to the formation of one-dimensional subbands in the
NW channel. These subbands arise due to quantum confinement of
electrons in the radial direction of the NW. The number and energy
spacing of these subbands can be controlled by varying the diameter
of the NW.

Thus InAs NW-based FETs operating at cryogenic temperatures
offer several advantages over conventional FETs, including enhanced
carrier mobility, gate control, and unique transport properties due
to quantum confinement. These devices have great potential for use
in ultra-low-power electronics and quantum information processing
applications.

7.3 Multiplexers for large-scale characterization

The MUX/d-MUX circuit is based on InAs SAG NWs grown in a
512 x 16 array. The NW dimensions correspond the width W4 (see
Section 6.3), with an inter-wire distance P = 2um and a channel
length L = 1 um. It is built on a hierarchical MUX structure depicted
in Fig. 7.1, composed of devices on different rows of the array, with
two gate electrodes spanning the entirety of each row. The gated
segment positions alternate between a functional and a screened gate
(described later in Fig. 7.2). Addition of each level (in this case a
level corresponds to a row in the array) in the MUX circuit doubles
the number of outputs for the level below, requiring 2n gates for
operation for the n'" level. Thus an 8-level MUX circuit connected to a
corresponding 8-level d-MUX incorporates 8192 individual SAG NWs,
allowing for the individual addressing of 512 devices under test (DUT)
using 37 control lines, demonstrating the vast scalability of this set-up.

Before probing the performance of varying NWs with different
properties, it is imperative to check for the reproducibility important
metrics that defines an FET device, the transconductance (G) response
and the threshold voltage (Vry) [110]. For demonstrating this, the
conductance response of devices comprising of increasing number
of NWs connected in parallel was measured. The SEM in Fig. 7.2a
inset shows a typical device consisting 4 NWs connected in parallel by
Ti/ Au source/drain ohmic contacts to control Vsp, and a 1 ym long
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Figure 7.1: An optical microscope image of a multiplexer-demultiplexer
(MUX/d-MUX) circuit set-up based on InAs SAG NWs grown in
a 512 x 16 arrays. The circuit includes devices under test (DUTs)
indicated as a. The DUT level shows connections to 500 lines, and
the number of DUTs was doubled from 256 (28 in the row above)
by using two source/drain pairs. Device fabrication and optical
image credit: Dags Olsteins.

gated segment operated by V. The device uses two gates: one con-
trolling the G of the exposed InAs NWs (blue), and another screened
by the Ti/Au metallic contact with no effect on the NW (grey). G
is measured at a base temperature of T = 20mK for 5 devices with
varying numbers of NWs (M =1, 4, 16, 32, 64) and plotted against gate
voltage (VG), with a common fit to the relation G = KM(Vg — Vig)
where K is a fitting parameter. The devices act as normally-on, n-type
FETs with identical VTH. Under the fair assumption that the devices
operate in a linear regime, G is found to be proportional to M as
expected for nominally identical NWs. The fit failure for M = 64 may
be due to a high sensitivity to the estimate of series resistance Rg
when the device resistance is low, details of which can be found in
publication [3] [111]. The reproducible Vry thus enables the use of
large-M SAG NWFETs as building blocks of LSI circuits.

7.4 Reproducibility

The characteristics of NW FETs are dependent on their structure, and
therefore the distribution of transport parameters reflects the structural
variability discussed in Section 6.3. In order to assess the amount of
variation in the transport properties and the degree of reproducibility,
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Figure 7.2:

a Conductance (G) as function of gate voltage V. for NWFETs
based on M =1, 4, 16, 32, 64 SAG NWs in connected in parallel,
with corresponding linear fit indicated by dashed lines. Inset
shows an SEM micrograph of a NWFET M = 4, where Ti/Au
Ohmic contacts are indicated in gold, and the Ti/Au gate in blue.
The gate in dark gray is screened by the underlying ohmic contact
as illustrated by the adjacent schematic of a cross-sectional view
of the device. b An SEM micrograph of NWFETs arranged in
an MUX circuit. Gates are screened in alternating elements as
indicated by the blue/gray. ¢ A schematic representation of the
circuit in b, indicating the device operation using 2 alternating
functional gate electrodes. Device fabrication, figure and data
credit: Dags Olsteins.

the MUX/d-MUX set-up was employed for individual characterization
of 256 nominally identical NWFETs. The transfer characteristics of the
devices were measured at T = 20mK, then repeated after warming
to T = 100K, and finally again at T = 20mK after a thermal cycle
to room temperature. The measurements were conducted in both Vg
sweep directions, resulting in a total of 1536 traces that were acquired
and analyzed. Figure 7.3 displays a representative selection of these
traces. Consistent with the behavior shown in Fig. 7.2b, normally-on n-
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Figure 7.3: a Pinch-off curves of 128 NWFET devices offset in G for clarity.
VG is swept from positive to negative (black) and from negative
to positive (blue/red) taken at T = 20mK (blue) and T = 100K
(red). Series resistance (Rs) is estimated from the fit and sub-
tracted. Figure and data credit: Dags Olsteins.

type FET transport characteristics are observed for all NWFET devices.
By fitting the measured data to the expression [100]

_ L2/
G(Vg) = (RS o C (Vo = VTH)) (7.1)
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field effect mobility, ppg, threshold voltage, Vry, and series resis-
tance, Rg, which accounts for circuit and contact resistances are ex-
tracted. An estimate for the gate capacitance C = 5.3fF based on
numerical simulations and the automatic fitting procedure developed
to deal with the very large datasets is beyond the scope of this thesis
and is discussed in detail in publication [3] [111].

Apart from the contributions from structural variations, the charac-
teristics of NW FETs also depend on processes such as electron scatter-
ing and screening from charged impurities, which are in turn a result
of processing and experimental conditions. Comparing measurements
before and after thermal cycling can thus provide insight into the
effects of charged impurities and structural variations. The correspond-
ing distributions of electron mobility ppg, Vry, and AVrg at T = 20mK
and T = 100K are presented in Fig. 7.4a-c. AVt = Vng’{“ — V;fl for
positive (up) or negative (dwn) Vi sweep directions is used as a mea-
sure of hysteresis. The average Vry is ~ —570mV at T = 20mK, and
decreases to ~ —900mV at T = 100K due to a decrease in charge trap
lifetime [112]. In Fig. 7.4b, the corresponding AVt shows an increase
at T = 100K. At higher temperatures, the thermal energy of the impu-
rities is increased, allowing them to move more freely and rearrange
themselves more readily in response to the applied electric field. This
rearrangement of charged impurities near the NW channel is possibly
leads to a larger hysteresis effect in the device characteristics. Next,
Fig. 7.4c presents upg since it is a crucial parameter that characterizes
the efficiency of the device, as it determines how fast electrons can
move in response to an applied electric field. Higher ugg translates
to faster device switching, which is important for high-performance
electronics. Mobility can also indicate the level of disorder in a system,
as electron scattering [113] due to defects, impurities, and phonons can
hinder it. The average pgg is found to be approximately 125 cm?/V s at
T = 20mK. This is particularly low when compared to other research
based on InAs SAG NWs [19, 106], and the reason can be attributed
to the crystal quality of the InAs channel. As seen in Chapter 6, there
exist a lot of misfit dislocations, stacking faults in addition to a high
elastic strain in the InAs channel. The mobility further reduces to 45
cm?/V s when the temperature is increased to T = 100 K. This can be
attributed to the thermal activation of charged surface scattering [114]
and an increased phonon scattering [115].

Figure 7.5 shows correlation between these parameters before and
after thermal cycling. This is done by calculating the Pearson’s cor-
relation coefficient p as a measure of the strength and direction of
the linear relationship between the parameters at both temperatures,
along with the corresponding p-value as a measure of the statistical
significance of the observed p. The values for Vry at T = 20mK and
T = 100K in Fig. 7.5a-d show a significant correlation, indicating
contributions from the structural variations across the SAG array. A
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Figure 7.4: Histograms of a Vg (V™) = —572mV, U‘z/ggan =
91mV; (Vi¥) = —905mV, oyK = 87mV, b AV
(AVE™S) = e4mV, oK = 37mV; (AVgK) =
48mV, o ps = 3mV, ¢ o (pg™) =
127ecm?/V-s, o0 = 40em?/V-s;  (up®)
46cm?/V - s, U;SSK = 15cm?/V-s, representing 256 de-

vices measured at 20 mK (blue) and 100K (red).

significant dispersion across two cooldowns to T = 20mK also indi-
cates that charged impurities must contribute to the variability in Vry.
Figure 7.5b-e shows that the hysteresis (AVry) values at both tem-
peratures and between cooldowns are uncorrelated. It suggests that
the hysteresis is likely due to external factors such as nearby charge
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impurities rather than internal device specific properties such as NW
structural variations. Finally, considering the positive correlations for
urg in Fig. 7.5¢-f indicate that both structural variation and charge
impurities contribute significantly to the performance of the NWFET

devices.
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Figure 7.5: a, b, ¢ Correlations between parameters at 20 mK and 100 K
Vi, AV, and ppg respectively. Pearson’s correlation coefficient
p and the corresponding p-value shown in each panel. d, e, f
Correlations between two cooldowns to 20 mK for Vry, AVry,
and ppg respectively. Figure and data credit: Dags Olsteins.
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7.5 Dimension dependent electrical transport

Using the MUX/d-MUX set-up, it has now been possible to conduct
transport measurements of various NWs and map the transport char-
acteristics of different NW dimensions. The structural characteristics of
the InAs/GaAs(Sb) NWs as described in Chapter 6 show that simply
varying the NW width W results is significant variations in the shape
and crystal structure of the InAs channel. Thus, NWFET devices are
fabricated and transport characteristics are measured to understand
the influence of a few select parameters.

Figure 7.6a shows an SEM micrograph of the devices fabricated
based on NWs with varying widths using the MUX/d-MUX set-up.
The NW arrays share a single gate electrode that controls Vg over the
same channel length of L = 1 ym, and Vsp is controlled individually
by MUX outputs. Transport measurements were performed on several
nominally identical NWFET devices based on widths W3, W6 and W9,
and the circuits from the red rectangle are depicted in Fig.7.6b. The
circuit of the DUTs consists of not only the NW under investigation,
but also NWs in series from the MUX/d-MUX above and below.
Adjacent to the DUT, we place a shorted line to measure the series
resistance of the MUX/d-MUX circuit. This enables us to estimate
circuit series resistance Rs.

In Fig. 7.7a-c, the G(Vg) of [011] oriented NWFETs with widths W3,
W6 and W9 are presented. Width W4 which corresponds to the NW
dimensions of the MUX itself, are all functional. For width W6, four
devices are non-functional (red arrows in Fig. 7.7b), but for W9, all
devices are functional. This is correlated with the NW morphology
showing a continuous InAs channel for W3 and W9 but not for W6
(see Section6.4.1). All functional devices consistently show normally-
on n-type behaviour. The dependence of Vry on the NW width are
discussed further below.

Also, from Section 4.3, it is known that a typical mis-orientation
related to fabrication tolerances of the SAG substrate is of the order
of 6 = 0.5°. Thus, the FETs based on NWs with widths W3 - W8 mis-
oriented with respect to the [011] direction, § = 4-4.5° were measured
using the circuit shown in Fig. 7.8a. Although the SAG mask was
designed to vary 6, with a step size of 0.5°, since the alternating
NW devices were shorted, it was only possible to measure NWFETs
with a step-size of 1°. SEM micrographs of the NWFET devices are
presented in Fig. 7.8b, corresponding to the black rectangle in Fig. 7.8a.
The measurement set-up remains the same as for the experiments
described above.

Figures 7.9a-f depict G(V) for each 6 for NWFETs based on NWs
defined by mask openings W3 -W8. It should be noted that unfortu-
nately, for the in-plane orientation dependent study, it has not been
possible to measure the nominally aligned NWs for widths W4, W5,
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Figure 7.6: a,b Optical microscope micrographs of MUX circuits used to
measure NWFET devices based on nominally aligned NWs ([011]
direction) with widths W3, W6 and W9. ¢ SEM micrograph of
the of the device circuit from the region highlighted in the red
rectangle b. Figure and data credit: Dags Olsteins

W7 and WS, because the choice of the shorted devices. For NWs de-
fined by mask openings W6 - W8, nonfunctional devices are common
and indicated by the red arrows in Fig. 7.9d-f. This correlates very well
with what is observed from the structural analysis (see Section6.4.1),
where ¢ is proceeds to increase for widths W6 - W8 due to the dis-
continuous InAs layer. Figures 7.9g-i show V&, ué., and G19.5V (at
tixed Vg = Vru + 1.5V) respectively, with data from non-functional
devices eliminated. There is no systematic dependence on 6 found
for the widths W3 - W8, although some outliers are identified and
indicated with black arrows in Fig. 7.9. These outliers only appear
for W6 and W7, and a likely explanation is that the inconsistent or
bad morphology for the InAs layer might result in thin constrictions
(Amin in Fig. 6.11¢) that could act as a bottleneck for electron transport.
Interestingly, since the misaligned NWs do not show a trend with
increasing mis-orientation, it is very likely that the misalignment of
6 = £0.5° is already detrimental for electron transport, unlike what
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Figure 7.7: a, b, ¢ G(V{3) after subtraction of series resistance (Rs) from alter-
nating shorted devices for nominally oriented NWs with width
W3, W6 and W9 respectively. Conductance traces are offset by
e2/h for clarity. The red arrows in b correspond to non-functional
devices. Figure and data credit: Dags Olsteins

was observed for the structural characteristics such as facet roughness
S; (see Fig. 6.16) where increasing 6 continued to increase S;.

Finally, the transport characteristics for nominally aligned NWs
with widths W3, W6 and W9 along with misaligned NWs with width
W3 and W6 are compared and presented in Fig. 7.10. Comparing
the Vry and prg of the FETs based on nominally aligned NWs to the
misoriented NWs (Fig. 7.10a and b) reveals a Vy offset of +0.2mV
and a doubling of yg for the NWFETs aligned with the high-symmetry
crystal direction. This confirms that the alignment of NWs to the
high symmetry in-plane orientations is of importance, and even a
misorientation as small as & = 0.5° can reduce yg significantly.

In Fig. 7.10c and d, the electron transport properties of multiple
nominally aligned NWFETs based on NWs defined by W3, W6 and
W9 are compared, showing Vry and ppg. From Fig. 7.10¢, it is observed
that the Vg of the NWFETs decreases from =~ —0.45V to =~ —0.90V,
which can be attributed to the decreasing channel width. For smaller
widths, Vry increases due to quantum confinement effects that have
been observed already in narrow channels [116-118]. An increase in
ure with increasing width is also observed in Fig. 7.10d. As the NW
dimensions are proportional to the width, a possible explanation is
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Figure 7.8: a,b Optical microscope micrographs of MUX circuits used to
measure NWFET devices based on misaligned NWs, 6 = +4.5°
from the [OTl] direction, in steps of 6 = 1° for widths W3, W4,
W5 W6, W7 and W8. ¢ SEM micrograph of the of the device circuit
from the region highlighted in the black rectangle b. Figure and
data credit: Dags Olsteins.

that for smaller NW widths, scattering at the NW surface plays a
more important role [119—121]. The structural study presented in Sec-
tion6.4.2 shows that strain relaxation is more confined to the vicinity
of the InAs/GaAs interface for NWs defined by mask opening W9,
which may further reduce electron scattering rate and improve pg.
However, it is important to note that the accuracy of the extracted prg
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Figure 7.9: a-f Conductance as a function of V; for 6§ = £4.5° and W3 -
W8. Conductance traces a offset in G by 0.3 x 2¢?/h for better
visibility. g-i Vry, prg and GV respectively as function of 6 for
widths W3 - W8. Figure and data credit: Dags Olsteins

depends on the estimate of the gate capacitance (details presented in
the Supplementary information of publication [3] [111]). Change in
NW morphology might have a significant impact on the estimated
capacitance. This in turn can affect the observed trend of ygg. Despite
these uncertainties, the strong correlation between the structural and
crystal quality of the NWs with width W9 with the enhanced prg
emphasizes the need for a simultaneous systematic study of both
aspects of the NWs.

7.6 Gate defined quantum dots

While it is not within the scope of this thesis to describe the physics
behind gate defined quantum dots in NWs, the following results are
meant as a demonstration of the ability to use InAs SAG NWs as
a basis for defining advanced quantum electronics. Going beyond
the proof-of-principle demonstrations of single NW devices, it has
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Figure 7.11: An SEM micrograph of a NW array which was used to fabricate
gate define quantum dots at every alternate NW. The overlaid
colors help identify the three cross-bar gate electrodes (in blue),
top (Vr), middle (V1) and bottom (Vg). Figure and data credit:
Dags Olsteins
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been possible to scale the device geometry to define quantum dots in
50 individual NW devices and concurrently tune them to Coulomb
blockade using only 3 gate electrodes. Figure 7.11a shows an SEM mi-
crograph of an array of NWs where the three gate electrodes (in blue),
top (Vr), middle (V) and bottom (Vg) were used to confine quantum
dots. Each device is alternated with a shorted line for estimating se-
ries resistance as reference. The gates are commonly shared across 50
NWs, and data from 1 of them has been presented in Fig. 7.11b and c.
Figure 7.11b shows the differential conductance as a function of Vsp
and V for Device 1 which shows Coulomb diamonds. A statistical
study for all devices has also been performed ([111]) but is beyond the
scope of this thesis.

7.7 Conclusions

In this chapter, the InAs/GaAs(Sb) dual layer SAG NWs have been
successfully fabricated into large scale FET devices. The MUX-d/MUX
set-up developed has made it possible to address a large number
individual (nominally identical) NWs and extract parameters such as
the threshold voltage and electron mobility obtain a corresponding
statistical significance to them. This also demonstrates that the NWs
of the MUX-d/MUX set-up itself are robust and allow for addressing
the devices under test. It should be noted that apart from introducing
the GaAs(Sb) buffer layer prior to InAs growth, there were no other
attempts made to improve the quality of the InAs channel for e.g., to
have a higher mobility. Instead, the aim has been to confirm the claims
of SAG as a scalable and reproducible method for growing materials
that can form the basis of quantum electronics. Despite the lack of op-
timization, the possibility of being able to address multiple individual
NWs, has been utilized to characterize NWs with different dimensions
and in-plane orientations. The lower ppg for NWs misaligned by 0.5°
from the high-symmetry in-plane orientation confirms the findings
from Chapter 4 that small scale misalignment induced structural dis-
order indeed has a detrimental effect on electron transport in SAG
NWs. The effect of varying NW width on the corresponding Vry and
urg is directly correlated with the crystal structure of the NWs that
were characterized in detail in Chapter 6. NWs with W9 show the
highest ppg, which is well correlated with the their crystal structure
since these NWs also exhibit the purest InAs channel. Thus, even
with a single sample, it has been possible to determine the optimal
dimension for the SAG mask design to obtain NWs with a higher pp.
This method has allowed for a correlation between device geometry
and performance that was previously unattainable and opens new
possibilities for advancements in electronic devices. The findings are
important for optimizing the performance of electronic devices and
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understanding the role of scattering mechanisms in limiting electron
mobility.



Part IV

Final remarks



Conclusions and Outlook

Throughout this thesis, the use of high-index substrates for selective
area growth (SAG) of GaAs, GaAs(Sb) and InAs nanowires (NWs) has
been explored. These substrate orientations open up the possibility of
tailoring the cross-sectional shape of the NWs simply based on the
associated symmetry. However, almost all the other results obtained
on this endeavour, can be extended to more general studies of growing
semiconductor materials (or perhaps other materials too) using SAG.

Effect of in-plane alignment of GaAs NWs

The first study presented the effect of aligning NWs in-plane on
the substrate using atomic force microscopy (AFM). Due to the large
NW-substrate interface for in-plane NWs, it is imperative to align NWs
exactly. It was found that due to fabrication related tolerances, it is not
possible to be able to perfectly align the mask openings on the SAG
substrate. Consequently, the NW growth which is dictated by surface
energy minimization, results in NWs with increased surface roughness
on the facets due to not being aligned exactly along the high-symmetry
in-plane direction. Structural disorder in the material systems is been
known to be a seriously limiting factor in desired transport based
applications, and thus, it has be realised in this study that controlling
the length of the NWs allows for accommodating a certain small
degree of misalignment, thus reducing structural disorder. These
considerations would be necessary while designing a device based on
SAG NWs.

As a way to furthering the understanding of the tolerance, it would
be interesting to see if the NW width plays are role in allowing to
accommodate a larger misalignment. Subsequent growth of transport
active InAs layers in this thesis already demonstrate that the under-
lying facet roughness of the buffer layer is carried forward to the
next layer, however this was only demonstrated for highly lattice-
mismatched system. For example, growth of a ternary InGaAs buffer
where the In and Ga composition is adjusted to better match the
GaAs, or gradually changed to match InAs even, the effect of this
misalignment remains to be seen. Finally, on a more optimistic note,
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intentionally misaligned NWs maybe not structurally the best to look
at, they have the potential for growth of quantum dots selectively at
the stepped facets. This has been demonstrated some time ago [122],
where InGaAs dots were grown on intentionally misoriented mesas.
Adjusting the growth time to deposit very thin layers of InAs on the
misaligned NWs might result is selectively grown InAs quantum dots
smaller than what can be obtained using standard SAG.

Engineering NW shapes

This study addressed the previously unexplored use of high-index
substrates for SAG of NWs. Due to the epitaxial registry of the SAG
NW with the substrate, the resulting NW facets are mostly dictated
by the symmetry of the underlying substrate. The high-index surfaces
result in NWs with a asymmetric cross-sections, with a combination
of steep and flat facets. Moreover, the use of Sb as a surfactant, also
influences NWs in certain orientations more than the other by possibly
altering the growth rate and adatom kinetics. Even for a fixed growth
time, the SAG mask design plays an important role in determining the
shape of the NWs since the amount of material available to the NW is
dependent on the width of the mask opening, the inter-wire distance,
which in turn decides its shape. This highlights the importance of
careful design of the SAG mask and simultaneously highlights the
benefits of using this bottom-up approach with regards to flexibility
and scalability of the material growth.

The results obtained here demonstrate the need for varying the
mask dimensions in an even larger parameter space so that analyzing
one sample with a variety of designs can help us select the exact NW
dimensions desired for an experiment. The asymmetric cross-sections
might also be interesting to enable electrical control of spin-orbit inter-
action in the system [123], where theoretical considerations predict the
orientations along which the effective Rashba and Dresselhaus spin-
orbit coupling could be tailored depending on the NW cross-sections.

Structural characteristics of InAs/GaAs(Sb) SAG NWs

Large scale structural characterization of InAs/GaAs(Sb) SAG NWs
has been demonstrated and the associated variations have been quanti-
fied. Moreover, the effect of SAG mask dimensions on the morphology
of both the InAs channel and GaAs(Sb) buffers has been studied using
AFM. It is found that for the same set of growth conditions, the shape
of the NWs and the material incorporation changes with the mask
dimensions. The results are supported by the study of the crystal
structure and the InAs/GaAs interface. The mask dimensions are
also found to affect the In and Ga composition in the NWs along
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with varying strain relaxation mechanisms for this lattice-mismatched
heterostructure.

As a outlook, it will be very interesting to study the growth of
ternary buffers on these NWs geometries in an effort to improve the
crystal quality of the InAs layer. The NWs used in the structural repro-
ducibility study were placed close to each other such that there was
adatom diffusion across the NWs in the large arrays. It might useful
to study NWs spaced far apart from each other, so that the growth is
independent and then compare the structural characteristics to deter-
mine what leads to a more homogeneous and reproducible growth:
independent growth or growth including material being shared.

Electrical characteristics of InAs/GaAs(Sb) SAG NWs

The first demonstration of a very large integration of NW based field
effect transistors operating at cryogenic temperatures based on the
InAs/GaAs(Sb) SAG NWs has been demonstrated. The ability to ad-
dress a large number of individual NW devices using a handful of gate
electrodes has been possible using a multiplexer/de-multiplexer set-
up. Despite no efforts made towards optimizing the material quality, it
was found that at least 8192 nominally identical InAs/GaAs(Sb) SAG
NWs were operational and allowed for addressing NWs with varying
dimensions to study their electrical properties. This allowed for a
direct correlation with the structural and crystal quality of the NWs to
determine the effect of the material imperfections. The measurements
confirmed the detrimental effect of even a 0.5° in-plane misalignment
on the mobility of the NWs. Finally, it was also possible to fabricate
gate defined quantum dots on 50 individual InAs/GaAs(Sb) SAG
NWs using 3 gate electrodes. This demonstrates the realization of the
promise of SAG to be able to scale and reproduce.

This thesis did not address the possibility to make NW junctions
or networks or grids. Moreover, the list of unanswered questions
related to SAG NWs is quite long. For e.g, it is not known whether
over-growth of the SAG NWs on the mask oxide introduces structural
disorder in the material. The possibility of coupling SAG NWs with
geometrically defined quantum dots is also promising. However, to
approach these questions, it was essential to first demonstrate the
structural and electrical reproducibility of the materials via the SAG
approach. Thus, future experiments have been designed using the
multiplexer/de-multiplexer set-up, where a vast parameter space of
the SAG mask dimensions will be tested. With results obtained with
statistical significance, it will be possible to work towards optimization
of materials using feedback from the transport characteristics.
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Appendix



SAG substrate

e SiO; mask deposition

1. The substrates for SAG used in this thesis were undoped
semi-insulating GaAs which were 2 inch in diameter and
350 um thick, all from WaferTech.

2. Using the PECVD (model SPTS Multiplex) located in the
Nanolab cleanroom at the Danish Technical University, de-
position of nominally 10 nm thick SiO, with the recipe "Std
HF SiO," for 10s at 300° C was carried out.

3. The SiO; layer thickness is confirmed by ellipsometry.
e EBL for SAG mask

1. CSAR13 is used as the e-beam resist to spin-coat over the
GaAs substrate at 4000 RPM for 45s.

2. The substrate covered with resist is then baked for 120 s at
185°C.

3. Electron beam lithography is performed in an Elionix F-
125 with a 125kV acceleration voltage. Fine structures are
expose with an electron dose of 385uC/cm? and beam
current of 1nA.

4. Course structures such as alignment markers are exposed
with an electron dose of 600 #C/cm? and a beam current of
10nA.

5. The exposed resist is then developed in a solution of MIBK:IPA
with a 1: 3 concentration for 30s.

6. This is followed with an O, plasma ashing for 2 min to rid
the substrate of resist residues and possible contaminants.

e ICP-RIE etch

1. The tool used for dry etching of the SiO; layer is the III-V
ICP-RIE located in the Nanolab cleanroom at the Danish
Technical University. First, a chamber cleaning is performed
by using O, plasma for 30 min with a dummy wafer inside.
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Next, a recipe titled "NBI/SiO; slow" including CF4 and
H2 is run for 1 min is run.

. Following this standard chamber cleaning procedure, the

recipe is first run on a calibration GaAs wafer with a thick
SiO; layer to determine the precise etch rate prior to etching
the SAG substrate.

The etch rate is determined by measuring the SiO, thickness
on the calibration wafer using ellipsometry.

Next, the SAG substrate is introduced to the chamber and
the recipe titled "NBI/SiO; slow" is used to etch the exposed
SiO; regions for ~ 10 — 30s depending on the etch rate.

After unloading the SAG substrate, a 30 min chamber clean-
ing recipe is run with a dummy wafer with a recipe titled
"clean/chamber clean O5".

e Pre-MBE substrate cleaning

1.

Now the substrate is ready for stripping off of the resist.
This is performed by submerging the substrate in N-Methyl-
2-pyrrolidone (NMP) for 3h in a heat-bath at a temperature
of 80°C.

Next, the substrate is placed in the untrasonicator for 1 min
at 30 % power and 80 kHz frequency:.

. It is then transferred to acetone and sonicated with the

same recipe as before.

It is then transferred to isopropyl alcohol (IPA) and soni-
cated with the same recipe as before.

It is then transferred to MQ water and sonicated with the
same recipe as before.

Finally, it is rinsed under running MQ water and dried with
the N, gun.
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Growth recipes

The MBE beam equivalent pressures are calibrated by conducting
planar GaAs and InGaAs growth on GaAs(100) substrates using
RHEED oscillations under conditions where desorption of group III
can be ignored. The V:III ratio corresponding to a Ga and As flux for
which the GaAs growth is dictated equivalently by both species (i.e., a
1:1 ratio) is calibrated by identifying the surface reconstruction of the
GaAs(100) surface using RHEED [124, 125].

Prior to MBE growth, the substrate is thermally annealed twice: at
400° C in the transfer module for 60 min to remove organic contami-
nants, and at 620° C under As, over-pressure in the growth chamber
for ~ 18 min to remove the native oxide from the GaAs surface. The
growth parameters listed below are based on a previously established
range of parameters ensuring growth on the exposed GaAs substrate
without parasitic growth on the SiO; mask [55]. The Ga and In growth
rates correspond to planar growth on a GaAs(100) substrate.

e GaAs or GaAs(Sb) growth

TGaas = 600°C

As/Ga ratio =9

Sb/Ga ratio = 3 (for GaAs(Sb) growths)
Ga growth rate = 0.1 ML/s

Growth time = 30 min

e GaAs + In,Ga;_,As growth (high T)

1. Tgaas = 622°C
As/Ga ratio =9
Sb/Ga ratio = 3
Ga growth rate = 0.1 ML/s
Growth time = 30 min

2. TInAs = 537°C
As/In ratio = 9
In growth rate = 0.04 ML/s
Growth time = 30 min

e GaAs + In,Ga;_,As growth (low T)
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1. TGaAs = 602°C
As/Ga ratio =9
Sb/Ga ratio = 3
Ga growth rate = 0.1 ML/s
Growth time = 30 min

2. Tipas = 522°C
As/In ratio = 9
In growth rate = 0.04 ML/s
Growth time = 30 min

e GaAs(Sb) + InAs growth

1. TGaAs = 600°C
As/Ga ratio =9
Sb/Ga ratio = 3
Ga growth rate = 0.1 ML/s
Growth time = 30 min

2. TInAs = 500°C
As/In ratio =9
In growth rate = 0.06 ML/s
Growth time = (varied) 5 min, 10 min and 18 min



AFM operating parameters

We use the Bruker Dimension Icon AFM system in the ScanAsyst Air
mode which is a topographical intermediate contact mode [75]. The
optimal choice of the cantilever for imaging NWs was a SiN probe
with a nominal spring constant of ~ 0.4 N/m, a nominal resonance
frequency of ~ 75kHz and a nominal tip radius of ~ 2nm. It is possi-
ble to modulate the tip motion of a soft cantilever through this mode
and thus tip wear is reduced compared to tapping mode resulting in
an accurate acquisition of topographical data. All scans are performed
using a scan rate of 0.3 — 0.4 Hz with 1024 or 2048 samples per line
(for high resolution images required to calculate running average of
P and H). The choice of scan rate is such that the trace and retrace
overlap is minimized. NWs were scanned across the length for vol-
ume incorporation measurements and along the length for the facet
roughness (S;) measurements.
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TEM operating parameters

FIB-lamellae were prepared mainly using a FEI Dual-Beam Helios
Nanolab 650 located at Instituto de Nanociencia de Aragon, Zaragoza.
The lamellae were extracted directly from regions of interest on the
substrate containing the as-grown nanowires. First there is a electron
deposition of Pt-C followed by an ion deposition of Pt-C for adding a
protective layer, then the region of interest is milled and a slice of it is
extracted with a needle, which is then attached to the TEM grid and
thinned by ion milling until it is electron transparent.

Aberration corrected TEM data was acquired in a probe corrected
TITAN operated at 300kV, which is located in the Laboratorio de
Microscopias Avanzadas of the Instituto de Nanociencia de Aragon
(INA-LMA). EELS maps were acquired in a TECNAI F20 microscope
located in the Catalan Institute of Nanoscience and Nanotechnology
(ICN2) operated at 200kV.
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