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Abstract

The topic of IlI-V nanowires is still, after more than two decades, a growing and lively research area. The areas of
application are wide and contain such important topics as energy harvesting, cheap and efficient lighting, high
efficiency detectors and new types of electronics. 1lI-V materials offer properties superior to the widely used Si. They
can have considerably higher carrier mobility which paves the way for high-speed electronics and a great flexibility
in band gap which is fundamental for optoelectronics. Producing these materials in the form of nanowires presents
additional advantages as it gives the opportunity to tailor the material by altering the crystal structure and material
composition in ways not possible in larger structures as well as integrating them with existing standard materials
platforms.

This combination of great materials in a small size has demonstrated potential for improved solar cells, high-speed
low power transistors as well as energy efficient and flexible LEDs. But the promises come with challenges. The
quality of the IlI-V surfaces is a significant factor for determining device performance, potentially both improving and
limiting functionality. Further, the relevance of surfaces properties increases with decreasing sizes as the surface to
bulk ratio goes up. This thesis focuses on characterization of semiconducting Ill-V surfaces with a special focus on
nanowires, exploring recently developed methods, types of nanowires and nanowire synthesis.

Native oxides forming on the surfaces of IlI-V materials in air are adverse and impede the development of top-tier
devices. The surfaces have to be cleaned of the detrimental oxides and protected as part of the manufacturing of
components. In the present work X-ray photoelectron spectroscopy (XPS) has been used to improve the
understanding of different cleaning methods including the self-cleaning effect of atomic layer deposition (ALD) of
high-k oxides.

Aerotaxy growth of nanostructures, where nanowires grow in a carrier gas, has arisen as a more cost effective and
scalable production method than epitaxial growth on a solid substrate. Yet little is known about both the mechanism
involved in the growth as well as about the quality of the resulting nanostructure surfaces. Here XPS and scanning
probe microscopy (SPM) have been used to unravel the effect of doping on the surfaces of aerotaxy nanowires.
Further, also a technique using small-angle X-ray scattering (SAXS) for in-situ characterization of the aerotaxy seed
particles has been developed.

SPM has been a revolutionary tool for surface science since its invention. Central for the function of an SPM is the
tip, which is usually made out of metal and formed by a simple electrochemical etching procedure. In this thesis the
development of a high resolution GaN nanowire probe for SPM is described. It combines the optical and electronical
advantages of GaN with the well-controlled tip formation at the end of a nanowire.
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Abstract

The topic of I1I-V nanowires is still, after more than two decades, a growing and
lively research area. The areas of application are wide and contain such important
topics as energy harvesting, cheap and efficient lighting, high efficiency detectors
and new types of electronics. III-V materials offer properties superior to the
widely used Si. They can have considerably higher carrier mobility which paves
the way for high-speed electronics and a great flexibility in band gap which is
fundamental for optoelectronics. Producing these materials in the form of
nanowires presents additional advantages as it gives the opportunity to tailor the
material by altering the crystal structure and material composition in ways not
possible in larger structures as well as integrating them with existing standard
materials platforms.

This combination of great materials in a small size has demonstrated potential for
improved solar cells, high-speed low power transistors as well as energy efficient
and flexible LEDs. But the promises come with challenges. The quality of the III-
V surfaces is a significant factor for determining device performance, potentially
both improving and limiting functionality. Further, the relevance of surfaces
properties increases with decreasing sizes as the surface to bulk ratio goes up. This
thesis focuses on characterization of semiconducting I1I-V surfaces with a special
focus on nanowires, exploring recently developed methods, types of nanowires
and nanowire synthesis.

Native oxides forming on the surfaces of III-V materials in air are adverse and
impede the development of top-tier devices. The surfaces have to be cleaned of the
detrimental oxides and protected as part of the manufacturing of components. In
the present work X-ray photoelectron spectroscopy (XPS) has been used to
improve the understanding of different cleaning methods including the self-
cleaning effect of atomic layer deposition (ALD) of high-k oxides.

Aerotaxy growth of nanostructures, where nanowires grow in a carrier gas, has
arisen as a more cost effective and scalable production method than epitaxial
growth on a solid substrate. Yet little is known about both the mechanism involved
in the growth as well as about the quality of the resulting nanostructure surfaces.
Here XPS and scanning probe microscopy (SPM) have been used to unravel the
effect of doping on the surfaces of aerotaxy nanowires. Further, also a technique
using small-angle X-ray scattering (SAXS) for in-situ characterization of the
aerotaxy seed particles has been developed.

SPM has been a revolutionary tool for surface science since its invention. Central
for the function of an SPM is the tip, which is usually made out of metal and
formed by a simple electrochemical etching procedure. In this thesis the
development of a high resolution GaN nanowire probe for SPM is described. It
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combines the optical and electronical advantages of GaN with the well-controlled
tip formation at the end of a nanowire.
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Populérvetenskaplig sammanfattning

Forst halvledarteknik, sedan nanoteknik. Tillsammans utgér de huvuddelen av det
vi definierar som modern teknik. Anvéndandet av halvledare revolutionerade
teknologin under mitten av 1900-talet genom mdjligheten att kunna kontrollera
halvledarmaterial till att vara antingen elektriskt isolerande eller ledande. Inom
elektroniken utgor halvledarna den viktigaste bestandsdelen i till exempel datorer,
lysdioder och solceller. En modern vérld utan halvledarteknik &r mycket svér att
forestilla sig.

Nanoteknik beskriver teknik med komponenter i nanostorlek. En nanometer &r
0.000000001 m, alltsd en miljondel av en millimeter. For att f4 perspektiv s& kan
man forestilla sig att klyva ett typiskt ménniskohar hundratusen ganger for att fa
ner tjockleken till en nanometer. Nanoteknik anvénds inom flera stora omraden
sasom biologi, medicin, kemi och fysik och vi stdter pa den dagligen i exempelvis
véra mobiltelefoner.

Under de senaste decennierna har nanotekniken utvecklats frén att vara en
framtida vision till en hogst verklig nutid. Det finns gott om plats pa botten
(’There’s plenty of room at the bottom™), &r den beromda titeln p&d Richard
Feynamns foreldsning frén december 1959 dér han forutsdg nanoteknologin och
manipulation av atomer. Idag, ndra 60 ar senare, &r sanningen den att vi borjan fa
slut pa utrymme.

Inom elektroniken talar man ofta om storleken péd transistorer och hur ménga
transistorer som far plats pa ett litet utrymme. Utvecklingen har under flera
decennier f6ljt Moors lag som ungefar sdger att antalet transistorer som fér plats pa
ett chip fordubblas vartannat &r. Snart har vi natt griansen for att transistorerna inte
langre kan skalas ner i storlek utan att kvantmekaniska effekter borjar blanda sig i.

Nér vi skalar ner storleken pa foremal till en punkt dér foremalet ar i
storleksordningen av atomer sé& spelar ytor en véldigt stor roll. Antalet ytatomer
utgdr da plotsligt en véldigt stor andel av hela foremalet. En parallell skulle kunna
vara att tinka pa firgen hos en tusenskona. Jag slar vad om att du tinker pé vitt
trots att mitten hos blomman &r gul. De vita kronbladen &r véra ytatomer och den
gula mitten dr insidan av véra nanomaterial. Samspelet mellan ytatomerna och
dess omgivning blir plotsligt det som definierar foremélets egenskaper. Hade de
vita kronbladen hos tusenskonan ramat in ett foremadl stort som solen s& hade vi
sikerligen anda definierat solen som gul. Den ringa storleken pd objekten gor
alltsé att ytor och de yttersta lagren av atomer spelar en stor och viktig roll inom
nanotekniken.

Kisel &r halvledarmaterialet som bygger upp mer eller mindre alla
halvledarkomponenter i dagens elektronik. En fantastisk fordel med kisel har varit
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just dess ytor som med nistan ingen modifikation varit nira nog perfekta. Kisel
har dessutom varit billigt och lattillgdngligt men nu behdver vi titta pa alternativa
material for att pd andra sétt fortsdtta utvecklingen. Ytterligare en formulering av
Moors lag uttrycker att berdkningskraften fordubblas vartannat ar. Det 6ppnar for
mdjligheten att, istéllet for att minska storleken, byta ut materialen i transistorerna
till material med hogre ledningsformaga for att 6ka hastigheten i komponenterna
och ddarmed berdkningskraften.

III-V-halvledare bestar av foreningar av element fran tredje och femte gruppen i
periodiska systemet. S&dana fOreningar, tex galliumarsenid, indiumarsenid,
indiumfosfid och galliumnitrid har betydligt hogre ledningsforméga an kisel och
skulle kunna utgora en viktig del i hdghastighetselektronik. Ett problem med dessa
material har dock varit att deras ytor och grénsskikt haft ménga defekter vilket har
hdmmat prestationen hos sdédana komponenter.

I den hér avhandlingen studeras nanostrukturer i form av III-V nanotradar.
Nanotradar dr sma, stavliknande strukturer med diameter i nanostorlek (20-400
nm) och ldngd i mikrometerstorlek (1-10 pm). Sjélva formen bidrar med flera
fordelar jamfort med att ha materialet i stor, bulkform. Dels sa uppstar farre
deformationer nir man tillverkar (véxer) materialet i trddform &n pa stora ytor,
dels dr laddningstransport i nanotradar effektivare. Det gor I1I-V nanotradar till ett
flexibelt material med ménga tillimpningsomraden inom elektronik.

Den hédr avhandlingen beskriver framsteg inom framforallt tre olika filt av
nanotradsforskning ndmligen ytforbéttring, véxt och applikationer.

Forst undersoks metoder for att forbéttra kvaliteten hos ytor bade pa nanotradar
och pé storre platta material. Framforallt beskrivs hur man med hjilp av
rontgenljus kan undersdka hur ytorna kan forbéttras genom rengdring och
kontrollerad lager-pa-lager-vixt av oxider.

Dessutom studeras den nya, revolutionerande vixttekniken aerotaxi. Genom
aerotaxi sd kan nanostrukturer produceras bade billigare och snabbare &n via
traditionella véxttekniker. Dock behover vi fortfarande lira oss mer badde om
fysiken bakom den nya véxtmetoden och om resultatet av nanostrukturer véxta
med den. Hér beskrivs ett sétt att undersoka sjdlva vixtmetoden.

Till sist beskrivs hur nanotrddar dven kan anvindas som ett nytt verktyg inom
svepprobsmikroskopi och svepprobsspektroskopi genom att utnyttja den stora
kunskapen om hur nanotrddarna ser ut och beter sig. Det 0ppnar for anvdandandet
av nanotradar for vidare ytkaraktdrisering pa atomniva av nanoobjekt ddr just
svepprobmikroskopi varit den ledande tekniken.



Abbreviations and symbols

1D, 2D, 3D
o]

Y

Es

Er

Ex

Evac

AFM
ALD

BG

CB

EBID
FIB
HP-XPS
IMFP
(L)DOS
LED
MBE
MOSFET
MOVPE
NW
SEM

One-, two-, and three-dimensional
Work function

Wave function

Binding energy

Fermi level

Kinetic energy

Vacuum level

Photon energy

Tunneling current

Tunneling voltage

Compound consisting of a group III and a group V element from
the periodic table.

Atomic force microscopy

Atomic layer deposition

Band gap

Conduction band

Electron beam deposition

Focused ion beam

High-pressure X-ray photoelectron spectroscopy
Inelastic mean free path

(Local) Density of states

Light emitting diode

Molecular beam epitaxy

Metal oxide semiconductor field effect transistor
Metal organic vapor phase epitaxy

Nanowire

Scanning electron microscopy
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SPM

STM

STS
TDMA-Hf
TEM
TIBB
UHV

VB

Xii

Scanning probe microscopy
Scanning tunneling microscopy
Scanning tunneling spectroscopy
Tetrakis-dimethylamino hafnium
Transmission electron microscopy
Tip-induced band bending
Ultra-high vacuum

Valence band
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Surface smoothing and native oxide suppression on Zn doped aerotaxy GaAs
nanowires

S. Yngman, S. R. McKibbin, J. V. Knutsson, A. Troian, F. Yang, M. H. Magnusson,
L. Samuelson, R. Timm, and A. Mikkelsen

Journal of Applied Physics 125, 025303 (2019)

In this paper we present the effect of Zn doping on aerotaxy grown GaAs
nanowires. We compare nanowires exposed to different amount of Zn present
during growth. Using synchrotron radiation based XPS we find that a high
nominal doping reduce the formation of native oxides on the nanowire surfaces.
From AFM measurements we learn that a high doping also smoothens the
nanowire surface morphology. The smoothing in combination with the reduced
amount of native oxides and a thorough investigation of the XPS data at different
photon energies, leads us to conclude that the high amount of Zn during growth
results in a protective ZnO shell.
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In this paper we present the first STM measurements with a single GaN nanowire
probe. We describe a fabrication method where we use a nanomanipulator inside
an SEM to place single nanowires on the tip of SPM probes. We show results from
AFM, STM and STS measurements with such probes on various surfaces, metallic
as well as semiconducting. We also discuss how the probes can be further
developed to function also for other SPM techniques such as SNOM and STL.
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In this paper we present a detailed description of the cleaning of GaSb surfaces,
both for planar substrates and nanowires. By the use of H-plasma cleaning we
successfully remove the Sb native oxides as well as most of the tough Ga native
oxides from the planar surfaces and nanowires. Remarkably, the removal of the
oxides on nanowires is even more profound than on the planar substrate and
continuous cleaning led to complete removal of all oxides except for only a small
amount of Ga,O which is the least detrimental Ga-oxide.
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In this paper we present synchrotron radiation based XPS measurements as well as
STM and LEED experiments leading to a detailed description of the interface
between InAs, a thermal oxide and an ALD high-k layer. We remove the native
oxides by annealing in the presence of atomic hydrogen and replace these oxides
by a well-controlled but non-crystalline thermal oxide. We find that the thermal
oxide, though not stable to further oxidation in ambient conditions, leads to an
interface with fewer defects which would improve device performance.
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In this paper we present the first time resolved high pressure XPS measurements
of the chemical reactions between InAs and the first cycle of ALD of HfO,. Rather
surprisingly we find that the self-cleaning process and hence the quality of the
semiconductor-oxide interface is not, as earlier believed, controlled by the oxide
formation but rather the molecular adsorption process that happens right before.
This finding meant that the model of the ALD ligand exchange, that described the
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the background removal we manage to study a low particle density stream with Au
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technique further down the processing line would allow for a detailed examination
of the aerotaxy growth, something that is still lacking.
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1. Introduction

III-V semiconducting nanowires have been a topic of study for more than 20 years
and it is still a vibrant area of research. III-V nanostructures in general have the
advantage of offering different physical properties and technological advantages
compared to bulk materials - that mainly arise from their size. With the reduction
in size comes a high surface to bulk ratio compared to macro-scale which is
presenting new opportunities and challenges. This type of structure can have a
very wide variety of applications for both fundamental studies'” and
implementations in for example energy harvesting devices, such as solar cells®*,
energy saving devices such as light emitting diodes (LEDs)>° or in faster and more
energy efficient computer chips’. However, the surfaces can also lead to additional
losses in devices and in other ways affect function in a bad way which must also
be understood and controlled.

Even if the research area of III-V nanowires has matured considerably, new
opportunities and questions open up all the time as new types of nanowires® and
growth methods®'” become available. With the present knowledge it is possible to
enter the area of III-V semiconducting nanowires from different new directions
such as using knowledge as input for special in-situ methods or using the
nanowires as novel probe tools themselves. In the present study we utilize the
impact of previous work as we explore interesting opportunities or questions
created by recent I1I-V nanowire developments.

Several criteria have to be fulfilled for any nanostructure to be useful both for
basic research and/or in real life applications. The present work touch upon three
fundamentally important questions which need exploration to make any type of
nanostructure viable for applications in science and technology, namely: How does
it grow? How does it interact with the environment? What can it be used for?

The growth of nanostructures is a well-developed field with a lot of different
options and opportunities including both bottom-up and top-down approaches'’. In
top-down approaches a larger piece of material is reduced in size by for example
etching or ion milling'?. In bottom-up approaches growth material from a supply is
transitioned into a solid phase. Typically the supply is in gas form, but historically
it was in liquid form'’. III-V nanowire synthesis has often been performed bottom-
up on a solid substrate using Au seed particles that promote growth underneath
them thus creating a 1D nanowire. One new approach for growing III-V



semiconducting nanowires is aerotaxy growth in which Au seed particles flow
freely in a gas but still initiate nanowire growth. Aerotaxy growth is potentially
revolutionary as the growth time and cost is considerably cut due to the lack of
expensive crystal growth substrates'®. Therefore, the study of nanostructures
grown with this technique is highly relevant. In this thesis both post growth studies
as well as attempts to study the seed particles in-situ are presented.

Generally the growth of nanostructures is conducted in a well-controlled
environment. To make devices out of grown nanostructures, or to transport them,
the nanostructures often need to be taken out of their initial growth environment,
something that imposes reactions such as oxidation to the nanostructure surface.
The reactions to different environments are explored in experiments presented in
this thesis where the native oxides are being removed and new oxides added in a
controlled fashion. The controlled reduction and formation of high quality surface
oxides are crucial in order to develop high quality devices that can function also
for example in air. In atomic layer deposition growth material is supplied in gas
form to a substrate resulting in the controlled deposition of single atomic layers of
material. Atomic layer deposition of insulating layers of oxides is now one of the
standard techniques for achieving high quality surfaces and interfaces'>. The ALD
process has been studied in-situ using X-ray Photoelectron Spectroscopy (XPS).

The use of nanostructures is not limited to (opto)electronics, even if this is a huge
field of research, but they can also be used as tools to, for example, interact with
living cells'® or probe inside the brain'’. Anywhere were nano sized structures are
found there might be a need for a nano-tool to characterize them. In this thesis a
novel example of such a nano-tool is presented as the development of a special
nano-probe for scanning probe applications is described. Single GaN nanowires
are placed onto probes for Scanning Probe Microscopy (SPM). The high hardness
of the semiconducting GaN in combination with the well-known shape of
nanowires is advantageous for SPM. The shift from the commonly used metal
probes to semiconducting probes offers interesting possibilities of surface studies
of for example electronic properties.

In the end it boils down to a focus III-V nanowire characterization, both exploring
new methods for looking at and with them as well as working on how to control in
particular the surface oxides on the nanowires which has turned out to be crucial
for their functionality.

This thesis is divided into two main parts. In the first part you can find a series of
chapters giving an introduction and a context to the second part which is a
collection of scientific papers. In the chapters in the first part [ aim to give a
broader background to the scientific papers to make them available for a more
general public outside the specific fields.



In Chapter 2 I introduce the fundamental concepts of semiconductors, nanowires
and especially III-V semiconducting materials. The focus is on the surfaces and
the surface oxides of these materials.

In Chapter 3 I present the methods that have been used to characterize surfaces
and nanowires. I describe the concepts of Scanning Tunneling Microscopy and
Atomic Force Microscopy (AFM) that has been used both for characterization of
nanowires and for characterization with nanowires. I also give an introduction to
XPS and how we use it as a tool to map surface oxides. Finally Small Angle X-ray
Scattering (SAXS) is briefly discussed.

In Chapter 4 there is a more detailed description of how we characterize surfaces
of nanowires. I describe our work with characterizing the surfaces and interfaces
between III-V semiconductors and high permittivity oxides. I give details about
the surface of doped GaAs aerotaxy nanowires and talk about how we have
developed techniques for further characterization of aerotaxy growth. Finally, I
describe our development of GaN nanowires as promising probes for SPM.

In the beginning of each chapter and whenever relevant I refer to the papers in the
second part of the thesis by their roman numerals.






2. Semiconducting III-V surfaces and
nanowires

In this chapter I describe the fundamentals of semiconductors, especially III-V
semiconducting nanowires. Semiconductors are part of nearly all experiments
included in this thesis and can be found in each of the papers I-V. Additionally,
the Au particles in paper VI work as the seed particles for growing
semiconducting nanowires. I introduce concepts such as doping, band structure
and band gap that define the electronic properties of a semiconductor and talk
about the relevance of surfaces for devices. I finally describe the basics of
nanowires, how they are grown, tailor made for different purposes and oxidized
and cleaned.

A world without semiconductors would be unrecognizable to most of us. Without
semiconductors we would have no digital computers or cell phones. Historically
the most used semiconductor material is Si. Although Ge was the first material to
be used frequently in semiconductor industry in the early 20™ century, soon the
superior electrical properties and the advantageous formation of SiO, (and also
price and availability) of Si pushed Ge out to the periphery'®. Still, the demand for
faster, smaller and more versatile electronics increases every year and with that the
need for materials to meet those demands.

Semiconductors are insulators with a small band gap. There is no exact definition
of this “small” size of the band gap, but material scientists often denote a material
as semiconducting if its electrical conductivity at a high temperature is as good as
for a metal but nearly absent at low temperatures'®. The electronic properties, or
more specific the number of charge carriers of a semiconducting material can be
altered in a controllable way by introducing impurities, a process called doping.
This possibility to change the electrical properties of the semiconductor in a
controllable manner has made it a versatile and useful tool in electronics. In Figure



2.1 the difference in band structure between a metal, a semiconductor and an
insulator is shown. At room temperature a semiconductor is a better conductor
than an insulator, but not as good a conductor as a metal. With added energy, for
example by shining light on, or heating up, the material, the electrons in the
valence band can be excited into the conduction band and leave holes in the
valence band as depicted in Figure 2.1 (b). For semiconductors the added energy
arising solely from the material being at room temperature is enough to excite
some electrons and make the material weakly conductive. For an insulator a much
higher energy is needed to excite the electrons across the band gap.
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FIGURE 2.1

Schematic illustration of the band structure of (a) a metal, (b) a semiconductor and (c) an insulator. The Fermi level is
denoted as Er and the band gap is indicated by red arrows. The position of the conduction band (CB) and the valence
band (VB) are also indicated in each case.

2.1. III-V materials

Both Si and Ge belong to group IV of the periodic table. Another class of
materials is III-V semiconductors. They are compounds made up of elements from
group III (e.g. group 13 including B, Al, Ga, In, TI) and group V (e.g. group 15
including N, P, As, Sb, Bi). In these two groups we find post-transition metals,
metalloids and reactive non-metals.

There are several inherent properties of semiconducting materials that differ
depending on the elements present in the material. Some of these properties are;
band gap size (and if the band gap is direct or indirect), carrier mobility and
carrier generation and recombination. Such properties are tailored as we explore
new combinations of elements. The compounds constituting the III-V group of
materials show great promise in offering semiconductors with direct and variable
bandgaps as well as higher carrier mobility than that of the widely used Si*’. The



III-V semiconductors can also be altered to have an excess of either electrons or
holes via doping and the resulting semiconductor is denoted p-type (positive-type,
excess of holes) or n-type (negative-type, excess of electrons). However,
combining materials into new ones is not trivial as the crystal lattices between the
materials have to match in order to avoid harmful dislocations and strain. Growing
the material into nanostructures such as nanowires can act as a way of avoiding
that issue”'.

In this section I will now describe doping, how it affects the band structure and
band gap of the material, I will talk about the relevance of surfaces and finally
give some example of devices and what they are used for.

2.1.1. Doping

The III-V materials can be doped to have an excess of electrons, called negatively
doped or n-doped, or an excess of holes, called positively doped or p-doped. For
doping of III-V materials group II atoms (e.g. Zn) are often used for p-doping
where their substitution contributes with an additional hole. Furthermore, group VI
atoms (e.g. Sn) are often used for n-doping where they contribute with an extra
(free) electron. Dopants can be introduced during the growth of the material, or
afterwards via diffusion'” or ion implantation’’. If a semiconductor is grown
without any intentional added dopants it is said to be nominally undoped or
intrinsically doped since a small amount of impurities always will be present.
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Schematic illustration of (a) by Zn p-doped GaAs and (b) by Sn n-doped GaN. The circles represent the atoms and
the black dots on the circles represent the valence electrons.
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An n-doped material has an excess of electrons in the conduction band at room
temperature. A minute amount of the atoms in the bulk material has been
exchanged to atoms with a larger number of valence electrons. The atoms with the
extra valence electrons are called donors. Similarly a p-doped material has an
excess of holes. The added dopants in a p-doped material have less valence
electrons than the bulk material and are called acceptors. In Figure 2.2 schematic
illustrations of a material that is (a) n-doped and (b) p-doped are shown. In this
work I have often used GaAs aerotaxy nanowires p-doped with Zn and GaN
nanowires n-doped with Si.

Measuring dopants in a material is crucial but not always straightforward and a lot
of efforts are directed towards addressing this challenge® this is especially an
issue for nanostructures, due to their small size.

2.1.2. Band structure and band gap

The doping of a material alters the position of the Fermi level of the material. For
a metal, the Fermi level is defined, at 0 K, as the highest energy to which available
states are filled with electrons. Above the Fermi level only empty states exist. For
a semiconductor it is more correct to talk about the chemical potential of the
electrons. We often, a bit carelessly, denote it Fermi level also for semiconductors
and I will do so throughout the text. For an intrinsically doped (undoped) material
at 0 K the Fermi level is found close to the middle of the band gap of the
semiconductor. But this is not always the case as described in Figure 2.3.

There are several reasons to why the Fermi level is not always in the middle of the
semiconductor band gap. The Fermi level will shift towards the band with lowest
effective mass of electrons (or holes). When a semiconductor is doped, with added
impurities, this balance change, and the Fermi level shifts. The system will counter
the added impurities to stay at equilibrium by shifting the Fermi level towards the
conduction band or the valence band depending on the type of dopants. If the
material is n-doped, and hence has an excess of electrons, the Fermi level will
move towards the conduction band and vice versa for a p-doped semiconductor.
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Schematic illustration of (a) n-type doping, (b) intrinsic doping and (c) p-type doping. The red arrow indicate the size of
the band gap. In the case of n-doping, where the dopants contribute with extra electrons, these extra electrons will act
as free electrons as they get excited into the conduction band and hence boost the electron conductivity of the
material. In the case of p-doping the situation is reversed and the dopants will instead contribute with extra holes in
the valence band.

In the band gap of a semiconducting bulk material at room temperature the doping
levels will typically have donated all their carriers to the conduction/valence band
and thus no further states or no states are available. But there are several things
that can induce states in the band gap or bend the bands close to the semiconductor
surface. Two examples, relevant for the studies in this thesis but quite different
from each other, are surface states and tip induced band bending.

Surface states are induced at the surface as the bulk is suddenly truncated. The
atoms at the surface that normally would bind to the next layer of atoms will find
themselves missing some nearest neighbours and thus left with dangling bonds.
The net charge of the surface must be neutral meaning that if such surface states
are charged (they can be neutral, positively charged or negatively charged) a
surface band bending will be induced to reach neutrality again.

An STM probe itself may bend the onset of the bands because it applies a voltage
potential between the tip and the surface. This is called tip induced band bending
and is explained in section 3.1.3. Other states that are often found in the band gap
are defect states®, induced by defects in the crystal.

2.1.3. Surfaces and interfaces of II1I-V materials

The importance of the surface of a device increase as the size of the device
decreases. At a nanoscale, where the ratio of surface to bulk material is high, the
physical properties at the surface therefore often dictate the properties of the entire
device. In addition, it is important to note that the surface is the region where a



material interacts with its surroundings making it a crucial part of all electronic
devices.

As most materials, the III-V surfaces usually oxidize when exposed to ambient
conditions. The resulting oxides depend on the compound materials, but usually
the oxides are un-ordered and with a thickness of 1-2 nm”**’. To achieve a
functioning device these native oxides often need to be removed and replaced with
a well-controlled high-k oxide through e.g. Atomic Layer Deposition. Other
techniques exist, such as passivation through chemical etching, protecting capping
layers or SiOx deposition, to maintain a good enough surface quality®. However,
there are significant differences between the surface properties of III-Vs. For
example for InP solar cells, it is possible to keep the oxide since the surface
quality is high enough making the recombination velocity in InP low”. Also from
an STM point of view the native oxides are detrimental since they are not only
insulating but also cover the interesting surface below.

Thanks to the development of techniques to deposit atomic layers of materials it is
now possible to tailor suitable mixes of semiconducting materials and oxides.
Atomic Layer Deposition (ALD) gives exactly this opportunity (explained in
section 2.2.3). A lot of effort has been put into finding which materials to use as
high performing oxide layers in devices. The ALD of some specific oxides on III-
Vs functions also as a passivation layer of the semiconductor surface. We have
studied the effect and process of ALD of HfO, and Al,Os on InAs in detail and in
section 4.1.1 I give an overview of these studies.

2.1.4. Devices

A variety of (opto)electronic devices are produced from semiconductors; Light
emitting Diodes (LEDs), Laser diodes, Field-effect transistors (FETs) and solar
cells are just a few examples'.

The Metal-Oxide-Semiconductor Field-effect Transistor (MOSFET) is an
electronic device that has revolutionised electronics since its invention in the 50s.
It can now be found in basically all electronics that we use and are produced in
billions every day.
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FIGURE 2.4
Schematic illustration of (a) a MOSFET with indications of the four terminals; source, drain, gate and body. (b) shows
a gate stack with its many interfaces.

The MOSFET is a field effect transistor consisting of layers of a metal, an oxide
and a semiconductor as depicted in Figure 2.4. The MOSFET consists of a
semiconducting body with a channel connecting a source terminal to a drain
terminal. The conductivity of the channel can be controlled via a voltage applied
over the gate and the body of the transistor. The metal gate is isolated from the
semiconducting source and drain (assumed to be n-type here) by an insulating
oxide layer.

The channel arises as the voltage applied to the gate modifies the distribution of
charges in the semiconductor. If no voltage is applied over the gate and the body
the resistance will be very high as each of the terminals in the body presents a pn-
junction. A positive voltage applied to the gate will push away the positive charges
(holes) close to the semiconductor-oxide interface and a depletion region will
occur. If the voltage is high enough to push away enough holes to make electrons
the majority carriers there will be a region with an n-type channel close to the
interface connecting the n-type source and drain. If a voltage is then applied over
the source and the drain a current will flow through the channel and the transistor
is in an ON state.

For device performance an oxide with high permittivity is desirable. The
permittivity determines a materials ability to store an electric field. We usually talk
about high-k oxides or materials with a high dielectric constant which is the ratio
of a materials permittivity over the permittivity of free space.
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The MOSFET contains several interfaces (Figure 2.4 (b)). The structural quality of
the interfaces directly influences the conductivity and device performance. During
device fabrication unwanted atomic scale defects are introduced. One such defect
is oxides resulting in high interface trap densities. This is explored in section 4.1
as we look closer on surface oxidation and ALD to reduce native oxides.

2.1.5. Surface cleaning

One common approach to clean semiconducting surfaces of their native oxides is
by annealing in ultra-high vacuum (UHV). The sample is heated and oxides and
surface contaminates are desorbed from the surface. This works well for many
large structures and substrates, but impose a problem for most III-V materials and
especially nanowires that due to their structure and small size risk decomposing
before cleaning temperatures have been reached. However, there are alternatives
allowing cleaning at lower temperatures. In this work mainly cleaning with atomic
hydrogen has been used, but also, in paper III, hydrogen plasma cleaning was
used.

Atomic hydrogen cleaning

A flow of hydrogen passes a heated W-filament with a temperature of above
1700°C. The high thermal energy supplied by the filament cracks the hydrogen
molecules into atomic hydrogen. The atomic hydrogen is extremely reactive and
reacts with the native oxides on the surface and the resulting products are thought
to be more volatile and therefore desorbs at lower temperature’. Common
cleaning temperature of I1I-V surfaces and nanowires using H-cleaning is between
300°C and 600°C depending on the material®’.

Since the hydrogen radicals have a very low kinetic energy, in the order of 1 eV,
the interaction between the sample and the hydrogen is limited to the sample
surface. After cleaning and the shutdown of the hydrogen supply the surface is
kept at high temperature for a few minutes to desorb any redundant hydrogen.

Hydrogen plasma cleaning

Instead of atomic hydrogen cleaning a hydrogen plasma can be generated and used
as was done in paper III. An artificial plasma can be generated using a Tectra gen
2 plasma source which generate the plasma by the use of wave coupling of
microwaves>2. Hydrogen plasma cleaning has been proven effective before on
both GaSb** as well as InGaAs™.

12



2.2. III-V nanowires

The development of nanowires arises from a fundamental curiosity of physical
dimensions and what happens when these are reduced. New applications were also
envisioned early on as it was possible to combine different I1I-Vs in new ways as
one did not have to take strain into account””. Nanowires also offer great flexibility
in design as it is possible to change I1I-V material and doping during growth just
by switching the growth precursors.

The field of nanowire research was small until the very beginning of the 21*
century when it exploded and has since then experienced an almost exponential
increase in interest (measured by the use of the word “nanowire(s)” in scientific
publications)*®. Even so, the first reports on semiconducting nanowires date back
to 19577

Nanowires are rod shaped nanostructures. Their dimensions vary greatly
depending of area of application and use and desired properties. The nanowire
dimensions allow a potential well to be formed by the boundaries of the
nanowires. Therefore nanowires can often be considered a 1D material where the
electrons are confined to travel along the axis of the nanowire.

Due to their structure nanowires have a huge surface to bulk area. Much of the
properties of the nanowires are consequently dependent on the quality of the
surface of the nanowire. For III-V nanowires the surface or interface between the
semiconductor and its oxide can be problematic. The III-V surfaces still struggle
with a higher defect density than for example Si and SiOx. Defects arise partly
from surface states positioned in the band gap of the semiconductor. Some surface
states arise from the breaking of the bulk symmetry, as discussed in section 2.1.2.
Other surface states are instead an effect of defects at the surface or interface. If
the surface states are positioned inside the band gap of the semiconductor they will
induce band bending and Fermi level pinning resulting in that the Fermi level can
no longer be controlled by an external bias but is only an effect of the donor like or
acceptor like state of the defects.

The III-V nanowires are not only promising because of their high carrier mobility,
from an electronics point of view they are especially interesting as they can be
grown onto Si surfaces allowing an integration onto the main chip technology
platform used presently’®*“°. However, some applications (such as solar panel
arrays) have large demands on the amounts of III-V nanowires needed which has
been a challenge to meet as the number of ordinary epitaxial growth of nanowires
is limited by its expensive and small growth substrates. To meet this demand the
new growth technique aerotaxy has recently emerged as a viable alternative which
is both cheaper and faster, but the growth process is to a large extent unexplored.
We have examined some of the nanostructures grown by the technique and we
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have also developed means of further exploring the growth process in-situ. This is
described in section 4.2.

Other applications of nanowires include using them as nano probes. This is
something we have done as we develop GaN probes for SPM as described in
section 4.3.

2.2.1. Oxidation

The gate of a MOSFET type device (described in section 2.1.4) is conceptually a
capacitor. Since we want reasonable operating voltages for our transistor, when we
make the area of a capacitor smaller we need materials with a higher dielectric
constant to maintain a high enough amount of charge. Traditionally SiO, has been
used but with the decreasing sizes of transistors we need to replace the SiO, with
materials with even higher dielectric constant.

Two materials with higher dielectric constants that are frequently used are Al,O;
and HfO,. The interface between InAs and Al,Os is studied in paper IV where we
evaluate a new approach to surface passivation by introducing an intermediate step
of controlled thermal oxidation before ALD. ALD is described in section 2.2.3.
We find that the amount of detrimental defects are reduced even though the
thermal oxide is not yet stable to further oxidation during ambient conditions.

The interface between InAs and HfO; is studied in detail in paper V where we
achieve time resolved measurements of the deposition of the very first atomic
layers during ALD.

Even more studies of oxides are performed in paper III where we examine the
oxide reduction upon H-plasma cleaning of GaSb substrates and nanowires.

2.2.2. Growth

To achieve the goal of materials with enhanced electronic properties we need to
grow crystal structures of high quality with as few defects as possible. All
nanowires used in the work included in this thesis were grown by our colleagues at
the division of Solid State Physics at Lund University and, in the case of aerotaxy
nanowires, by the company Sol Voltaics®.

There are several different growth techniques that yield crystal structures and
especially nanowires'”. I do not aim for a complete overview on the subject of
growth since no growth was performed by me, but I rather aim to present a context
to the growth of the different nanowires used in the work of this thesis.
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The nanowires grown for this thesis have been grown in a bottom-up approach
where atoms attach to each other building up the crystal nanostructure in a layer-
by-layer fashion. In a crystal structure the atoms are arranged in an ordered
structure as opposed to an amorphous material that lacks long range order. We
often talk about epitaxy which is the ordered (-taxy) growth of one crystalline
material on top (epi-) of another. Either the growth substrate is the same as the
growing crystal (homoepitaxy) or there are two different materials (heteroepitaxy).

There are two main methods to control the growth dimensions of nanowires;
growth through holes in a mask or using seed particle assisted growth. In the first
method, growth through a mask, an insulating layer is covering the growth
substrate and the growth is only conducted in openings in the mask. The
dimensions of the grown nanowires are dependent on the dimension of the mask
opening. This technique was used for the growth of the GaN nanowires used as
SPM probes. In the second method, seed particle assisted growth (Figure 2.5),
often a foreign metal (but sometimes the same material as the growth material*’) is
used as catalyst through which the supplied material is diffusing to finally build on
the crystal. By far the most common metal catalyst particle material is Au but also
other metals such as Ag can be used*'*>. The dimension of the particle determines
the dimension of the resulting nanowires. This technique was used for the growth
of the aerotaxy GaAs nanowires presented in chapter 4.2.1 and the Au particles
were examined in-situ as presented in chapter 4.2.2.

a) b)

Au seed o ® © GroupV precursor
\,& Group lll precursor

‘ § Dopant precursor

IlI-V substrate

)

FIGURE 2.5

Schematic illustration of epitaxial particle assisted nanowire growth. In (a) a gold seed particle is deposited onto a
growth substrate. (b) the sample is heated, the gold particle alloys with the substrate and the group V precursor is
introduced. (c) The group Il precursor is introduced and nanowire growth is commencing. (d) dopants are introduced.
(e) the metal organic precursors can follow different diffusion paths to the nucleation site under the gold particle. They
can (1) diffuse through the gold particle, (2) diffuse from the growth substrate, or (3) diffuse along the nanowire.
(adapted from ref 4* with a bunch of fat stacks of credit attached)
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Epitaxy growth

The fundamental idea of epitaxial growth is that atoms from a supply should be
transitioned into a solid crystal phase. Historically the supply was most often in
the form of a liquid and in that case it is known as Liquid Phase Epitaxy or, the
more versatile technique, Solution Phase Epitaxy. In Molecular Beam Epitaxy
(MBE) a beam of the elemental growth material is directed at the growth
substrate**,

The GaN nanowires used as probes in this thesis are grown by Metal Organic
Vapour Phase Epitaxy (MOVPE) so this is the first technique 1 will focus on.
MOVPE is also nowadays the most widely used technique for growing
optoelectronic devices”. MOVPE is a subgroup of the more general technique
Vapour Phase Epitaxy (VPE) where other molecules or elements than metal
organic ones can be used for growth. This is in turn a subgroup of Chemical
Vapour Deposition (CVD) where the growth is not necessarily epitaxial.

In MOVPE the supply is made up by a vapour of precursors (eg. trimethylgallium
and ammonium (NH3)). At a sufficiently high temperature and gas pressure the
molecules crack and the C and H parts leave the III and V atoms to adhere to the
growth surface. The adherence is energetically favourable as the chemical
potential of the gas is higher than that of the substrate. Consequently, the
molecules in the gas seek to lower their chemical potential by adhering to the
surface and hence growth is commenced.

The GaN nanowires to be used as SPM probes were grown by selective-area
epitaxy with metal-organic CVD which had to be conducted in a 3-step process.
Their structure is described further in section 4.3.1. First, the nanowire core was
grown keeping the ammonium level low, this results in a core with low
conductance. Secondly an under-layer is grown, covering the core, using higher
levels of ammonium resulting in high quality conducting GaN with a sharp tip. At
last a second under-layer is grown, enhancing the amount of high quality material
radially.

Aerotaxy growth

Aerotaxy is an aerosol-based growth method with a seed particle. The word itself,
aerotaxy, is a combination of aerosol and epitaxy which describes the
phenomenon well. The aerotaxy technique is revolutionary in the sense that it is
conducted without the expensive and limiting crystal substrates that is the
trademark of epitaxial growth. Instead the nanowires, or more generally
nanostructures*®*’, are grown from an aerosol of seed particles dispersed in a
continuous gas flow'*. The process is depicted in Figure 2.6. First the Au seed
particles are generated, size selected and sintered. Then the growth material is
introduced and the nanowires are grown by diffusion through the aerosol particles.
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During this step there is a possibility to incorporate dopants by supplying yet
another precursor. Last the nanowire are randomly deposited and collected on a
substrate of any type. The growth rate is a remarkable 20 to 1000 times higher
than for epitaxial growth which is important from an economic point of view and
makes the technique highly relevant for mass production of nanowires. Using
aerotaxy growth it is also possible to achieve higher doping levels since the out-
diffusion of the dopants to a substrate is not viable.

FIGURE 2.6

Schematic illustration of the aerotaxy growth process. Au particles are (a) generated, (b) size selected and (c)
sintered in order to constitute as seed particles for the aerotaxy growth. In (d) the precursor gases are introduced and
during advantageous pressure and tepmerature the nanowires start to grow. (e) After growth the nanowires are
deposited on a surface. (adapted from 14)

Aerotaxy nanowires have been grown with different materials (eg. GaAs,
GaAsP)*®* and doping (eg. Sn, Zn)**' and they have been grown with pn-
junctions®” and their recombination dynamics has been studied> but still not much
is known about their surfaces which is addressed in paper I.

Atomic Layer Deposition

Atomic Layer Deposition (ALD) is a sub-group of CVD where molecules in gas
phase react with a surface resulting in the deposition of ultra-thin, self-limiting
layers of material. ALD is now a standard technique used in device fabrication
where its main purpose is to deposit thin films of high-£ oxides.

The chemicals used in the process are called precursors and are introduced
alternately in cycles. A full cycle of deposited material consists of two half-cycles
where during the first half-cycle one of the precursors (e.g. tetrakis-dimethylamino
hafnium (TDMA-HY)) flows through the reaction cell. After reaction of the first
precursor the cell is pumped to vacuum before the second half-cycle (of e.g. H,O)
is conducted. In paper IV and paper V we study the effect of ALD on InAs.
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2.2.3. Hardness

The mechanical integrity of a material is highly relevant for its capacity to
function well as an SPM probe. Mechanical properties, such as hardness or
stiffness become important. Hardness is a measure of how well a material can
withstand localized plastic deformation (which is really a surface feature).
Therefore I will here give a brief summary on the subject of hardness.

There are several common tests for measuring hardness. It is a measure of how
well a material resists plastic deformation. A higher hardness means higher
resistance to being permanently deformed. There exists a variety of tests such as
for example Rockwell, Brinell, Barcol, Vickers, Knoop, Shore and Mohs hardness
tests where Rockwell is the most applied one.

Common to most of these tests (e.g. Rockwell etc.), is that an indentation is made
with a sphere or pyramid and the applied force used to make the indentation is
measured to evaluate the hardness of the material.

Relevant for an SPM probe is however how resistant the probe is against
scratching and abrasion during its sweeping motions across a sample surface. A
test that measures exactly this is Mohs hardness test. In Mohs hardness test a
material is scratched with a reference material of known hardness®*. There are 10
reference materials and they are shown in Table 2.1. If a material is scratched by
quartz but not by orthoclase its hardness is between 6 and 7.

Tabel 2.1. Mohs hardness Scale
The reference minerals and its corresponding Mohs hardness given by definition.

Reference mineral Mohs Hardness

Talc
Gypsum
Calcite
Flourite
Apatite
Orthoclase
Quartz
Topaz
Corundum
Diamond

= © 00 NO O H» WN =

When using Mohs hardness one must be aware that the values given to the
reference minerals do not scale linearly and hence an increase from 4 to 5 is not
comparable to an increase from 7 to 8 making comparisons between material
values not trivial. The hardness of GaN is 7 on Mohs hardness test. 7 is, generally
speaking, a high number compared to other tip materials such as Pt (3.5), Au (2.5),
W (7.5) and Si (6.5)%°.
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3. Experimental methods

In chapter 3 I present a brief description of the characterization methods and
instruments used in the work of this thesis. Scanning Tunneling Microscopy was
used in paper II, Atomic Force Microscopy was used in paper I and paper II, X-
ray Photoelectron Spectroscopy was used mainly in paper I, III, IV and V Small
Ange X-ray Scattering (SAXS) was used in paper VL.

In most of the work included in this thesis we perform studies of surfaces and
interfaces. We aim to map the surface various length scales. First on a longer
range, to get an idea of the overall morphology over several of micrometers of
both nanowire surfaces and flat surfaces, secondly on a more local, short range to
learn about surface steps and even atomic structure on an Angstré')m scale.
Therefore, we need surface sensitive methods covering all the way from
micrometer scale down to sub nanometer scale. For this AFM and STM are
helpful. With AFM we can quickly get a good overview of the morphology of a
sample from micrometer to nanometer range. For even smaller range and for
additional knowledge of the electronic properties of the sample we use STM.
Using XPS we get chemical surface composition and knowledge about the
different elemental species and their chemical surroundings. Lastly, with SAXS
we gain knowledge about the shape and size of the nanostructures. These four
methods also have different probing widths, from segments of nanowire surfaces
probed with STM to full individual nanowires with AFM to large ensembles of
nanowires or nanostructures with XPS and SAXS.

3.1. Scanning Tunneling Microscopy

In this section I give an introduction to STM including a hands-on description of
the instrument as well as theory behind the physical phenomena involved. 1
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present the common ways of preparing an STM probe. I also introduce STS and
discuss the differences occurring while using a metallic tip contra a
semiconducting tip and scanning or performing spectroscopy on metallic or
semiconducting surfaces.

1981 marked the beginning of a new era for surface science as Binnig and Rohrer
invented the STM. Their invention allowed researchers to finally image surfaces
on an atomic scale. Binnig and Rohrer were awarded the Nobel Prize in physics in
1986 for their development of the technique.

Feedback loop

FIGURE 3.1

Schematic illustration of an STM setup. A sharp, conducting tip is brought close to, and swept over, a conducting
sample surface. A bias, V7, is applied over the system and the resulting tunneling current is recorded. The tip-sample
separation is marked by z.

STM utilizes quantum mechanical tunneling of electrons between a sharp,
conducting, needle like tip and a sample surface. Using STM it is possible to map
the density of electronic states of a sample surface™. In Figure 3.1 the schematics
of an STM is pictured. The tip is brought into close proximity, usually less than 1
nm, of the sample surface. A bias is applied over the tip and the sample inducing a
tunneling current, usually with a magnitude in the order of pA to nA, to run
through the system. The tip is coupled to a feedback loop and piezo electrical
crystals change the tip-sample separation to maintain a pre-defined set-point
current, /. The tip is raster scanned and in each point of the raster the z-piezo
signal is measured and a computer software draws the corresponding height map
of the surface. The imaging contrast is described in more detail later but the
measurements are strongly localized with a very high spatial resolution that is
dependent on the tip apex radius of curvature and a sub-Angstrom vertical
resolution as explained by equation 3.1.
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3.1.1. Theory

The foundation of STM measurements is quantum mechanical tunneling. In
classical physics a particle is not allowed to cross a barrier. We can think of it
much as we think of a ball bouncing off a wall. In quantum mechanics, which we
need to describe phenomena on a microscopic scale, particles have both particle-
like and wave-like properties. Our ball, the electron, can also be described as a
wave and will have a small probability to pass through the wall. The thinner the
wall the higher is the probability of a transfer. The electrons are said to be
tunneling. This is taken advantage of in STM where a tip is brought into close
proximity to a sample surface, separated only by a thin vacuum barrier of down to
sub-nanometer length, z. Though not in classical contact with each other, electrons
in both the tip and the sample, described as wave functions and following the
Schrdédinger equation, are allowed to tunnel through the vacuum barrier creating a
tunneling current between the tip and the sample. The high vertical resolution of
STM is derived from that the tunneling current /7 has been shown to decrease
exponentially with the tip-sample separation, z, as:

Iy o e~ 22K, (Eq. 3.1)

which is a one dimensional solution to the Schrodinger equation and with k, the
inverse electron decay rate:

K= hlEmoV))s, (Eq. 3.2)

where m is the electron mass, A is Planck’s constant and @ (V) the effective local
work function, depending on the bias, Vr, applied to the sample.

We can dive even further into the theory behind STM measurements by looking at
the electron transfer between the sample and the probe’”®. Fermi’s golden rule
gives the probability of electron transfer between an initial state E; and a final state
Ef across a vacuum barrier of width z and is given by:

2 2
T = 7”|Mi,f| 8(E; — Ep), (Eq. 3.3)

where the delta function ensures that we only consider transfer between states of
the same energy, disregarding the creation and effect of, for example, phonons and
plasmons or other types of inelastic interactions. The matrix element M; ; will be
introduced below.

Now that we have the probability of transfer we can also give an expression of the
tunneling current, Ir. To do so we can use first order perturbation theory and
express it as:
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Iy = (2%) Yo fED-F(Er + eVT)]|Mi,f|25(Ei — Ef), (Eq. 3.4)

Note how we by using perturbation theory now include the dependency on the
energies of the tip and the sample via the Fermi Dirac distribution function, f(E)
and also the applied bias, V.

Tunneling has a chance to occur wherever the wave functions in the tip and the
sample overlap which they will do if the distance, z, between them is sufficiently
small (in the order of sub nanometer length). To find this overlap we then solve
the Schrodinger equation for electrons in both the tip and the sample separately.
The overlap of these solutions can then be expressed by, the above mentioned
tunneling matrix element, M;  as an integral over an arbitrary 2D surface located
anywhere between the tip and the sample:

Mip = —= [V — V" )dS, (Eq. 3.5)

where only the overlapping matrix elements are non-zero. But the initial and final
states of the wave functions (1; and 1f), needed to calculate M; ¢, are generally
not known and not at all trivial, leading us to make a few assumptions about the
system in order to continue.

Assumptions of tip properties
e The tip has a low temperature.

e The main contribution to the tunneling current arises
from an s-type orbital.

e The tip has a spherical apex.

e The tip is spatially and energetically isotropic.

With these assumptions Tersoff and Hamann has shown that the tunneling current
is proportional to the integrated density of states (IDOS) at the position 1y, of the
tip as™:

|4 SN
It % pt [ 1 Psioc (o, Er + €)de, (Eq. 3.6)

where p; and pg (7o, Ep + €) are the local density of state (LDOS) of the tip
apex atom and the LDOS of the surface at position » and energy E respectively.
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Note that the limits of the integral are the Fermi level, E, and the applied bias, V;,
which tells us that the current is proportional to the LDOS around the Fermi level.

So, Eq. 3.6 explains what an STM image of a flat sample surface is, i.e. a map of
the LDOS of the system. The system here includes both the tip and the sample
which is why STM images are greatly affected by tip changes. The deconvolution
of the signal originating from the sample can be challenging. Areas with a lot of
available states to tunnel to or from (depending on the sign of the applied bias)
will generate a higher current (and appear bright in the image if conventional color
coding is used). As a consequence, a semiconductor with a smaller bandgap will at
a given tunnel bias appear brighter than a material with a larger bandgap at the
same surface height. For larger structures however the dominating effect will
come from height changes (remember the z-dependency from Eq. 3.1) and the
image can be interpreted as a height map.

(@) 4 (b) (9 .
: \\\\ ////

(@ R A ki e

eVTW
O S I.E.F .......... R . 2

—>
VB
Tip 4+ Sample Tip Sample Tip Sample
Distance
No sample bias Positive sample bias Negative sample bias

FIGURE 3.2

Energy diagram for a metallic tip and a semiconducting sample at (a) no applied bias, (b) positive sample bias and (c)
negative sample bias. The conduction band (CB), valence band (VB) and the tip-sample separation (z) are marked in
the figure. The Fermi level, Er, is marked by a dotted black line. In the cases where a bias is applied over the system

the difference in energy between the Fermi level of the metallic tip and the Fermi level of the semiconductor is marked
by eVr and indicated by a dotted red line and a red arrow.

In Figure 3.2 energy diagrams depicting a metallic tip and a semiconducting
sample are shown. The tip and the sample are separated only by a small distance,
z, and the energy diagrams shows three different cases, (a) no bias applied to the
system, (b) a positive bias applied to the sample and (c) a negative bias applied to
the sample. In the first case where no bias is applied to the system the Fermi levels
of the tip and the sample are aligned. No tunneling occurs in this case. In the
second case, where a positive bias is applied to the sample, electrons will tunnel
from filled states below the Fermi level of the metallic tip into the conduction
band of the semiconducting sample where empty states are located. In this case we
are imaging empty states in the sample. In the third case, where a negative bias is
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applied to the sample, electrons will instead tunnel from filled states in the sample
to empty states above the Fermi level of the metallic tip. In this case we are
imaging filled states of the sample.

For a III-V semiconducting sample the electron orbitals corresponding to filled
and empty states are reported to be localized around one element each®. The
empty states are found around the group III atoms and the filled states are found
around the dangling bonds of the group V atoms, giving an elemental specific
image contrast. This means that when we are imaging a metallic surface with a
semiconducting III-V GaN tip (careful now, as we switch place on the tip and the
sample) and apply a negative bias to the sample, the electrons are tunneling from
the sample into empty states located around the dangling bonds of the Ga atoms in
the tip. Vice versa, with a positive sample bias we mainly use electrons from the
filled states around the N atoms to tunnel into the empty states above the Fermi
level in the sample. The latter case has generally given the most stable imaging
conditions.

3.1.2. Practice

The STM, though a highly sophisticated tool, consists of only a few parts. Even
so0, it is not a simple instrument to construct due to the small distances, currents
and level of vibrational control involved in the measurements.

Necessary parts of an STM

A sharp and conducting tip.

Vibrational control.

Position control.

Computer control software with feedback loop.
A pre-amplifier.

There are different types of vibrational control, for example suspension with
magnets or springs and damping, pneumatics or stacked plates. The position needs
to be controlled for both the tip and the sample. Usually both a coarse position
control in the form of a mechanical positioner and fine position control provided
by piezo electric devices are used. A computer with software and a feedback loop
controlling and monitoring the tip-sample interaction is needed. Historically the
feedback loop was external and not part of the computer software.

The most important parameters that the STM operator has to play with to obtain a
nice image (a typical STM image is shown in Figure 3.3) are the bias, V;, the
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current set point, I, and the loop gain. The bias applied when using a metal tip
and scanning a semiconducting sample is usually around +1 —3V. For a
semiconducting tip on a semiconducting sample one has to be careful though and
make an estimation of the size of the combined band gaps of the sample and the
tip. The current set point determines not only the desired value for the feedback
loop but also the distance between the tip and the sample as explained by Eq. 3.1.
A typical value for the set point is between 30 pA and 300 pA for a
semiconducting sample. It is the difference between the set-point and the
measured value that is used to control the height position of the tip. The loop
gains, consisting of the derivative, proportional and integral gain determine how
the height value is updated and hence how quick the feedback loop will react to
height changes in the sample structure. Normal values ranges between 0.1% and
5% depending on the expected height variations of the sample surface. A higher
loop gain will give quicker reactions but will also induce unwanted vibrations. A
high loop gains is a great tool when expecting to encounter abrupt height changes
like when searching for nanowires on a substrates.

FIGURE 3.3
STM on a GaAs aerotaxy nanowire. The surface is an unreconstructed (110) surface aqcuired at a current set point of
Iset=30 pA and a gap voltage of V1=-3.3 V.

3.1.3. Scanning Tunneling Spectroscopy

Scanning Tunneling Spectroscopy has been a pivotal tool in the work with the
GaN nanowire STM probes. STS has come to work as a way of confirming the
presence of the GaN nanowire on the tip. A detailed understanding of the GaN
probe—sample interaction is yet to be explored but also here I expect STS to be of
great importance. Here I aim to give an introduction to the technique and to briefly
discuss interpretation of spectroscopy data.

Spectroscopy can be performed by decoupling the feedback loop of the system and
keeping a fixed position over the sample surface. The voltage can then be swept at
a single point and the tunneling current recorded as a function of the applied tip-
sample bias. In other words, this means that we can record the current as a
function of the applied voltage and obtain a map of the IDOS around the Fermi
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level. A voltage applied to the sample sweeping from negative to positive will
therefore give us the filled states below the Fermi level for negative voltages and
the empty states above the Fermi level for positive voltages.
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FIGURE 3.4

STS with a GaN probe on Au(111). (a)The spectrum is an average of 95 individual spectra. It shows the measured
tunnel current plotted against the voltage applied to the sample. In (b) is a log plot of the absolute value of the
spectrum in (a).

During the work with the GaN nanowire STM/S probes a lot of STS has been
performed on various substrates. STS with a GaN nanowire probe on Au(111) is
shown in Figure 3.4. The spectrum in (a) shows the tunnel current plotted versus
the sample bias. For visibility of the band onsets the data is often displayed as in
(b) which shows the logarithm of the absolute value of the spectrum in (a).
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Tip induced band bending

b
EA @) \ VTA (b) EA (©

Ep+eVy /
________________________ —

------------ Er Actual Apparent Er
band gap bandgap | | [T
N N
_____________________________________________________ -
K Ept+eVy
Tip Sample CB Tip Sample
Distance di/dv Distance
Positive sample bias Negative sample bias

FIGURE 3.5

Energy diagram for a metallic tip and a semiconducting sample illustrating the effect of tip induced band bending on
the measured band gap. In (a) the bands in the sample are bent slightly upward as a positive bias is applied. In (c) we
see the reverse situation with a negativ sample bias. In (b) the actual band gap and the apparent (measured) band
gap are shown. The Fermi level (Er), the valence band (VB) and the conduction band (CB) are all marked in the
figure.

Semiconductors are dielectric by nature and an applied electric field will cause the
semiconductor to polarize. When a metallic tip with an applied bias is brought
close to a semiconductor the polarization will cause the bands in the
semiconductor to bend towards the Fermi level of the tip. This effect is called tip-
induced band bending and needs to be considered when interpreting STS data. The
apparent, or measured, band gap will appear bigger due to the band bending. This
is explained in Figure 3.5 where the apparent band gap ranges all the way from the
top of the upwards bent conduction band (as in Figure 3.5 (a) when a positive bias
is applied) to the bottom of the downwards bent valence band (as in Figure 3.5 (¢)
when a negative bias is applied). The band bending depends on several physical
interactions between the tip and the sample, such as the tip-sample separation,
their relative Fermi level and the applied bias. Properties that affect these are for
example the shape of the tip, the tip work function, the carrier concentration in the
sample and the electron affinity.

3.1.4. STM probes

STM is completely dependent on the probe and the probe properties. Traditionally
probes for STM most often consist of tungsten (W) or platinum/iridium (Pt/Ir)
though Au is also used. There are several different methods for producing STM
probes. In section 4.3 1 describe a novel production method manipulating a
nanowire onto an STM probe. Here I want to introduce the most common method
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of probe production which is by electrochemical etching of a metal wire. Other
ways include cutting or mechanical shearing of a wire. Usually probe preparation
also includes Argon sputtering or annealing of the tip to reduce etching-induced
oxides, residues and surface contaminations.

Etching of STM probes

Most of the W probes for STM used in this work were prepared by electro
chemical etching of 0.38 mm diameter polycrystalline W wire. A commercially
available setup (Omicron) for DC electrochemical tip etching was used and the
process is depicted in Figure 3.6.

@

400 o I

FIGURE 3.6
(a) A sketch of the tip etching set-up. (b) The tip etching station. (c)-(d) SEM images of an etched tungsten wire
clamped in place in its holder.

The W wire acts as the anode, a ring of stainless steel acts as the cathode and the
electrolyte is sodium hydroxide (NaOH). H is produced at the cathode. A voltage
is applied and electrons run from the W anode to the stainless steel cathode
resulting in an ionization of the W atoms. The ionized surface atoms react with
oxygen and the formation of WO, occurs as follows®':

At the anode:

W(s) + 80H™ - W02 + 4H,0 + 6e~ (Eq. 3.7)
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At the cathode:

6H,0 + 6e~ — 3H,(g) + 60H™ (Eq. 3.8)
Which in total gives®:
W(s)+20H™ + 2H,0 - WO;~ + 3H,(g) (Eq.3.9)

The W wire, which is etched predominantly at the electrolyte/air interface, gets
thinner and thinner and finally cuts off at the surface. The lower part falls down
and the electric circuit is broken. The optimal etching settings depend on the
concentration of the solution and how many tips have been etched in it (since the
solution gets consumed by the etching). We routinely achieve good STM probes
by using a 2 mol/liter concentration of NaOH, an etching voltage of 9 V and a
threshold current of 1.5 mA.

Post-processing

There are a few post-processing procedures that are routinely performed in order
to minimize etching residue and surface oxides on the tip. Immediately after
etching, the tip is rinsed with distilled water and ethanol to reduce the amount of
etchant residue. Sputtering with argon, for 30 minutes at a pressure of 2x10~ mbar,
is done in vacuum, with a base pressure of around 10” mbar, to get rid of the thick
oxide of the tip. The acceleration voltage for the argon gun is set to 3 kV and the
emission current is set to 20 mA. This is performed twice, first with the tip
pointing towards the argon gun and then a second time pointing away from it.

3.2. Atomic Force Microscopy

The development of the Atomic Force Microscope (AFM) followed closely after
the invention of the STM. In 1985 Binnig et al. combined the principles of the
STM with the stylus profilometer and the result was a microscope that was no
longer dependent on conductivity of the sample but rather contours the top layer of
the sample surface®. The AFM quickly became a widely used tool in surface
science and is now considered one of the standard instruments for surface
characterization. The AFM is slightly more flexible than the STM since it can be
used on non-conductive surfaces. High resolution is more challenging to obtain
using an AFM compared to using an STM, but it is possible to achieve atomic
resolution®.
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Sketch of the AFM set-up. A laser hits the back of the tip and is reflected onto a mirror and guided to a detector. PE
denotes the Piezo electric elements used to control the tip and sample movement. PID is the proportional, integral
and derivative gains used in the feedback loop.

In AFM a sharp needle attached to a cantilever is brought into close proximity to a
sample surface®. The system is depicted in Figure 3.7. Piezoelectric devices are
used for the approach and positioning of the tip. A laser tracks the tip deflection
and is registered by a photo-detector. A feedback loop, with integral gain and
proportional gain, reads the deflection and adjust the piezo z position of the
cantilever over the surface. A map of for example the deflection or piezo z
position after feedback is drawn and shown to the user.

3.2.1. Theory

AFM images are acquired by measuring the forces between the tip and the
sample®. There are several forces involved and they can be divided into repulsive
and attractive forces with a long or short range. The main attractive forces
involved are Van der Waals forces, capillary forces (in air), electrostatic forces,
covalent forces and the main repulsive force arises from the fact that the electrons
of the atoms are fermions and due to the Pauli exclusion principle cannot inhabit
the same space simultaneously. Another force is the electron-electron Coulomb
interaction which originates from that two particles with the same charge repels
each other. It is more long range than the Pauli exclusion principle and it can be
either attractive or repulsive depending on the charges involved Generally the
repulsive forces are short length with a quick decay with distance.
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The forces involved in an AFM measurement. (red) The repulsive forces (originating from the Pauli exclusion
pricniple), (yellow) the attractive forces (dominated by the Van der Waals interactions) and (blue) the resulting force
response curve.

There are several standard working modes of AFM. They are divided into contact,
non-contact and intermittent contact mode, ultimately describing the interaction
between the scanning medium and the sample. The working regions of these
modes are described in Figure 3.8 where we assume that the tip is brought from far
away towards the sample surface (e.g. from right to left in the graph). First it starts
seeing long range, attractive forces and eventually, when it gets close enough, it
sees also repulsive forces. In contact mode the tip is brought into the repulsive
region of the sample, hindered by Coulomb forces and Pauli exclusion principle.
In this mode a force, usually in the order of nN, is applied onto the sample surface.
In non-contact mode the tip is held completely out of the repulsive region and
made to work only in the attractive region effectively not altering the sample
surface at all. In intermittent contact mode the cantilever is driven to resonate at its
Eigenfrequency. The tip is brought into close proximity of the surface and is made
to tap in and out of the repulsive region. Intermittent contact mode is less
damaging than contact mode where the tip might scratch a soft surface despite the
small forces involved.
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3.2.2. Practice
The AFM, like the STM, consists of only a few parts.

Necessary parts of an AFM

A sharp tip attached to a cantilever.
Position control.

Computer software with feedback loop.
Detection of cantilever movements.
Vibrational control.

An AFM tip consists of a cantilever chip and a cantilever with a tip at its end. The
most common probe material is Si coated with metals for enhanced reflectivity
and/or conduction. Various probes for optimized scanning on samples of different
types exist. The requirements on a probe used to scan biological tissue are
different from the ones on a probe used to scan hard materials such as metals or
semiconductors®®®’. In this work we have focused on developing a probe tailor
made for incorporating light and for detailed knowledge of the probe morphology
to be able to de-convolve the resulting images and get a better understanding of
the true sample structure.

The tip and sample position and movements need to be carefully controlled. This
is achieved by using piezo electric materials, most often in the form of a rod
structure.

Commercial AFM systems come with their own computer software for imaging
and user control. During this work we have mainly used a JPK nanowizard AFM
operated in intermittent contact mode. For image and data treatment we have used
WSxM or Gwyddion. For data treatment we routinely use plane correction and
levelling of the images to get rid of any effect arising from the tip and the sample
not being perpendicular to each other during imaging.

Several detection systems exist in commercially available AFMs, the most
common ones being laser detection and tuning fork detection. In laser detection
mode a laser is directed onto the backside of the cantilever. The laser is reflected
from the backside of the cantilever onto a mirror which directs the laser onto a
four quadrant photodetector. This allows for detection of changes in the deflection,
vibration amplitude and also phase between the drive signal and the cantilever.

To achieve high resolution scanning the AFM also needs vibrational control. Often
the AFM is placed on a pneumatic table for this purpose.
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AFM phase imaging is a valuable tool for imaging surfaces and facets of
nanowires. The phase measures the difference between the drive signal and the
cantilever oscillation. In phase imaging the energy dissipation in the interaction
between the tip and the sample is measured®®. Energy dissipation can have several
different reasons and hence several different phenomena can give contrast to a
phase image. A tip sweeping a surface containing patches of varying materials can
give contrast if the different materials have different adherence or “stickiness”.
Another source of contrast is the contact area between the tip and the sample. The
contact area will vary depending on the angle between the tip and the sample
surface; hence slopes, also very small slope variations, will be clearly visible in
phase imaging. This is of great value when examining the topography of the facets
of nanowires.

3.3. X-ray Photoelectron Spectroscopy

Heinrich Hertz, who earlier proved the existence of electromagnetic waves,
discovered in 1887 that a material can emit electrons if irradiated with light®. This
was the ground for the discovery of the photoelectric effect described by Albert
Einstein in 19057 which granted him the Nobel Prize in physics in 1921. Taking it
one step further by using monochromatic waves of light and detecting the kinetic
energy of the excited electrons Kai Siegbahn finally developed the technique that
we now know as X-ray photoelectron spectroscopy (XPS). He was awarded the
Nobel Prize for it in 1981.

The technique of shining light onto a sample and detecting the excited electrons is
not confined to work for only X-rays. A wide range of energies of light can be
used that spans UV light, soft X-rays and hard X-rays. In this section I will focus
on the technique using soft X-rays (which is roughly the range between 100 and
3000 eV). Photo excited electrons in a material can both be directly emitted,
inelastic scattered (and still be emitted) or result in further electron emission. From
now on I will consider the case of directly photo emitted electrons where the
kinetic energy of the exciting photon is conserved.
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FIGURE 3.9
A schematic representation of an XPS set-up. A beam of X-rays is directed onto a sample. Electrons escaping the
sample are collected by an electron energy analyser and counted by a detector.

Basic parts for XPS

e X-ray source.
e Electron energy analyzer.
e Detector.

A sketch of an XPS set up is shown in Figure 3.9. An X-ray beam is directed upon
a sample and electrons escaping the sample are collected by an electron energy
analyzer where electrons with selected energy are further directed onto a detector.
The selection of electrons with a specified energy is often done as follows. In an
electron energy analyser the electrons travel through an electric field which will
bend the electron trajectory. How much the electron trajectory is bent depends on
the electron energy. Electrons with too high or too low energy will hit the walls of
the analyzer and never reach the detector. This allows us to detect electrons with a
specified energy. The detector is usually a multi-channel-plate and CCD with the
purpose of imaging (and then counting) the number of impinging electrons in a
certain angular range, which represents a certain energy window. By sweeping the
voltages of the electron energy analyzer it is possible to measure the intensity of
the electron flux as a function of the kinetic energy of the electrons. Hence we can
localise peaks corresponding to specific atomic core-levels as described in a bit.

XPS experiments are traditionally performed with lab sources as the photon
source. The most commonly used X-ray generating lab source is probably an X-
ray tube with an Al anode emitting X-rays with a photon energy of 1486.7 eV.
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However during the work with this thesis only X-rays generated in synchrotron
facilities have been used, which will be discussed below.

XPS is elemental and chemical specific and offers the opportunity to study not
only the elements in a sample surface, but also their chemical surrounding’'.
Additionally, XPS can be used to quantify the relative amounts of different
chemical species and elements. It is a highly surface sensitive technique due to the
short inelastic mean free path of the photoelectrons which can also be used to
quantify the material composition perpendicular to the surface down to ~Snm.

3.3.1. Theory

In Figure 3.10 the energy diagram of the photoelectron process is shown. X-rays
with energy Av are impinging upon a sample and transfer energy to an electron
that gets excited into vacuum if the energy of the impinging photon is high
enough. Depending on the supplied energy the electrons can be excited only from
the valence band (green filled circle in Figure 3.10) or additionally from the core
levels (red filled circle in Figure 3.10). Lower energies can excite electrons from
the valence band since they are loosely bound. Higher energies can excite also
core level electrons originating from electronics states more closely bound to the
atom core. If the supplied energy is high enough to let the electrons overcome the
work function threshold (or the vacuum level Evac) and escape the sample with a
kinetic energy Ex, they can be detected and analyzed.
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FIGURE 3.10

Energy diagram of the involved energies in the XPS process. . On the right the energy levels in the material is seen,
while on the right the resulting spectrum measured in XPS is displayed. An electron from a core level (red circle) gets
excited by the added energy of the impinging X-rays (marked hv). Electrons in the valence band (green circle) can
also get excited. The Fermi level (Er), the vacuum level (Evac), the kinteci energy of the electron (Ex), the binding
energy (Eg) and the work function of the sample and the analyzer (®s and ®an respectively) are all marked in the
figure. The effective workfunction is a combination of these two. (adapted from 72).

We measure the kinetic energy of the electron Ei, we know the energy of the
impinging photons, Av, and hence we can determine which binding energy the
electron had in its initial state. The binding energy, Eg, of an electron is given by:

Eg=hv—E,— & (Eq. 3.10)

where @ is the work function which is defined as the amount of energy it takes to
excite an electron from the Fermi level, Ef, to the vacuum level Ev — a value that is
not known. The work function of the analyzer is generally not known but it is
necessary in order to calculate the measured absolute binding energy of the
electrons. Therefore, a thorough calibration is needed. In the work within this
thesis the absolute binding energy position has never been a main concern. The
interest has rather been relative binding energies, shifts, between components of
the same core level. Anyhow calibration of the energy position has been done. For
a metal, the Fermi Level can be used as an absolute reference point, however for a

36



semiconductor this is not a good absolute measure. Instead peaks with, from
literature, well-known absolute energy position and that in addition are chemically
stable under the present processing conditions has been used. Most often the
choice has been Au 4f or Si 2p as reference point and the distance between those
peaks and the peak of interest (e.g. As 3d or Ga 3d) has been measured.

3.3.2. Description of the atom in an XPS context

In order to explain some of the terms used in section 3.11 and to be able to further
discuss the analysis and data treatment I will now give a very brief overview of the
atom in the context relevant to XPS.

The electrons in the atoms in a solid are either core electrons, closely bound to the
atom nucleus and found in the fully filled inner shells of the atom or valence
electrons, more loosely bound found in the partially filled outermost shell of the
atom.

The core level electrons are not participating in chemical bonds in a material.
However, their binding energy is anyway affected by its chemical surrounding and
the overall charge of the atom. Consequently an As-atom bound to a Ga-atom will
have a binding energy different from an As-atom bound to oxygen and hence give
rise to different peaks as can be seen in Figure 3.12. This shift in binding energy
within the same core-level is called chemical shifis and they can give important
information about the chemical composition of the sample surface.

The valence electrons are the electrons contributing to the chemical bonding
between the atoms in a solid material. The valence electrons in a semiconductor
are shared between neighbouring atoms. Since they are so loosely bound they are
not quantized but there is instead a band of available energy states that they can
occupy.

Each orbital in an atom can be completely described by its energy, angular
momentum and a vector component of the angular momentum (the magnetic
quantum number). These three properties are represented by a set of quantum
numbers; n, [ and m respectively that are related to each other. In addition each
orbital can be occupied by only two electrons, one with spin up and one with spin
down (represented by quantum number s = +1/2). The first few values of the
quantum number / (/ =0, 1, 2, 3, n-1) is historically described by the letters s, p, d
and f'and together with the energy quantum number # we use them to describe the
electron configuration of atoms. This is why XPS core level spectra are denoted
by for example As 3d wheren = 3 andl = 2 or d.

An electron always has a spin. If in addition it also occupies an orbital with some
angular momentum (e. g. if / is larger than 0) a coupling between the magnetic
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field arising from the electron spin and its angular momentum will occur. The total
angular momentum is described by j = |l £ s|. For electrons in orbitals higher
than s this means that the energy level will be split into two different energy
levels. This is called spin-orbit splitting and shows up in XPS spectra as two peaks
instead of one. Consequently during data analysis these peaks are fitted using two
components. The blue and the green peaks in Figure 3.12 are both doublets
meaning that they are each a convolution of two components.

The value of the branching ratio (e. g. the relative size of the two components in
the doublet) is also determined by the quantum numbers. It should be 0.667 in a 3d
shell. The quantum number is n = 3,l = 2,s = +1/2 and hence j = 5/2 and j =
3/2. The 3d shell has a total of 5 orbitals (from —/ to / often denoted ml =
—2,—1,0,1,2) which can hold a total of 10 electrons; 2 in each orbital, one with
spin up and one with spin down. Among the 10 electrons 4 can be found in the j =
5/2 and 6 in the j =3/2 (from —j to j often denoted mj = (—5/2),—3/2,
—-1/2,1/2,3/2,(5/2)). This gives the relation 4/6 = 0.667 which is indeed the
branching ratio found for a 3d orbital.

3.3.3. Analysis and fitting of XPS data
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FIGURE 3.11

XPS overview spectrum of a Si substrate with deposited GaAs nanowires. The dominating peaks, O and Si, arise
from the substrate. There are also some C contamination from the substrate. The nanowire footprint is shown in the
inset. Since the nanowires only cover a small percentage of the surface, the signal from the Si and O of the substrate
are much larger. (adapted from paper I)

An overview spectrum with low resolution covering a wide range of energies is
often taken at the start of a new experiment. It provides evidence to which
elements are present in the current sample. Example of such an overview is given
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in Figure 3.11. For higher resolution the energy range and the step size is
decreased (and often the acquisition time is increased) resulting in spectra as in
Figure 3.12. Then, not only the involved elements but also their chemical states
can be determined by a more detailed analysis. This is because the binding energy
of the core levels is affected by the electronic and chemical surrounding of the
atom from which the electron was excited. Importantly, the peak intensity is
proportional to the amount of material present at the surface so the peak intensity
also gives a measure of the relative concentration of any given species. The
intensity also depends on the scattering cross section and losses due to inelastic
scattering, but these can be accounted for. It induces extra information or will in
some cases cancel out in relative comparisons.

The peaks of the elastically scattered electrons used to give chemical and
elemental information can be modelled or fitted with specific functionals. Often
the peaks are assumed to be a convolution of a Gaussian part and a Lorentzian
part, commonly known as a Voigt function. Gaussian contributions arise from
instrumental uncertainties and lattice vibrations. In Figure 3.12 is an example of a
peak fitted with two doublets.

Heavily doped, GaAs nanowire
As 3d, hv = 350 eV

As-Ga

Intensity (Arb.u.)

As-oxide

48 46 44 42 40 38
Binding energy (eV)

FIGURE 3.12

XPS of the As 3d core level peak, accquired with a photon energy of 350 eV. The sample is GaAs nanowires heavily
doped with Zn and deposited on a Si substrate. The spectrum is fitted with two doublets where we attribute the blue
one to As bound to Ga and the green doublet to As-oxides. (adapted from paper I)

The life-time of the hole, that is left behind after an electron has been excited by
the impinging photon and escaped its core level, gives rise to a broadening which
is usually assumed to be Lorentzian by nature”. This broadening is core level
specific and should be the same for all peaks arising from the same system.
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The background at any given point arises from the inelastic scattered electrons,
and while the specific distribution can be complicated to derive it is generally
much smoother than the core-level peaks.
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FIGURE 3.13
The universal curve. The inelastic mean free path in various materials of electrons at kinetic energies ranging
between 0 and 2000 eV is shown. (adapted from 7#)

The inelastic mean free path (IMFP) of a material or a gas is defined as the
distance an electron beam can travel before its signal is reduced to 1/e due to
inelastic scattering events. The mean free path is usually plotted against the
electron kinetic energy in a curve commonly referred to as the universal curve
(Figure 3.13). Checking for the kinetic energies used in soft-X-ray techniques (e.g.
< 3 keV) it can be observed that the IMFP for these kinetic energies is between a
few and a few tenths of Angstrom. The electrons escaping the sample and getting
detected must therefore originate from the top few atomic layers of the sample. An
advantage of this is that it makes XPS a very surface sensitive technique and that
by varying the photon energy or incidence angle the distribution of chemical
species at the surface can be derived.

A disadvantage of the high inelastic scattering rates of electrons is that the
pressure at where we can usually perform XPS is extremely low, limited to UHV,
since at higher pressure the electrons will collide with gas molecules before
reaching the detector. This is limiting since it is not always possible to extrapolate
the result of a reaction in ambient condition from one in UHV. The discrepancy in
what pressures we can measure in and what pressures we would like to measure in
is known as the “pressure gap”. A lot of effort has been aimed towards bridging
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the pressure gap and one progress is the development of high-pressure XPS (HP-
XPS). Using special instrumentation with differential pumping and several lenses
it is possible to perform measurements in the mbar regime which is much closer to
realistic pressures for many interesting reactions. In paper V we present the result
of HP-XPS measurements of the reaction of the first cycle of ALD of HfO, on
InAs.

3.3.4. Synchrotron radiation

During the 1970s another, even more effective ways of generating X-rays was
developed, i.e. the large synchrotron rings. In a synchrotron electrons are
accelerated to energies in the MeV regime.

Synchrotron

Storage ring.
Electron gun.
Electron accelerator.
Bending magnets.
Insertion devices.

A fundamental property of a charged particle, accelerated to quasi-relativistic
speeds, is that when its trajectory is changed it will eject highly energetic
electromagnetic waves normal to its path. This is utilized in a synchrotron. The
trajectories of the electrons accelerated to high energies are bent by an assembly of
magnets resulting in the ejection of electromagnetic waves. Various insertion
devices such as wigglers and undulators are used to enhance this effect by guiding
the electrons through a wave motion due to the alternating magnetic fields
resulting in the emittance of X-rays with high intensity at specific wavelengths
depending on the configuration of the linear magnetic field lattice which can be
controlled by the user. This electromagnetic radiation is used to examine a large
variety of samples in various different ways. Depending on the energy of the light
we talk about “soft” X-rays in the energy range 0-3000 eV or “hard” X-rays in the
energy range 3 - 30 keV.

During my years as a PhD student I have had the great privilege to perform all my
XPS experiments at various synchrotron facilities around Europe. A synchrotron
offers great advantages over a lab source such as a high photon flux, a possibility
to change the photon energy and as a result a great flexibility of the instrument as
for example in the application of high-pressure XPS described in 3.3.3.
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The experiments described in paper I was performed at the beamline i311 at
MAX II (now moved and upgraded to MAX IV) in Sweden’. 1311 was a soft X-
ray, undulator beamline with an energy range of 30-1500 eV. The spot size on the
sample was 0.5 mm x 0.1 mm and it had a Scienta SES200 electron energy
analyzer enabling high-resolution XPS™.

The experiments performed on the GaSb flat substrates and nanowires (paper III)
were conducted at the beamline SUPERESCA at Elettra Sincrotrone in Italy.
SUPERESCA is also a soft X-ray, undulator beamline offering an energy range of
90-1500 eV. The spot size is 0.1 x 0.15 mm and the beamline has an in house
developed 1D detector.

3.4. Small Angle X-ray Scattering

Another X-ray technique is Small Angle X-ray Scattering (SAXS). It was used
during the work of characterizing Au seed particles of the aerotaxy nanowires in
paper VI. I was mostly involved in the development of the set-up and performing
the initial SAXS measurements of diluted aerosols. Therefore I give just a brief
description of the principles and not further details that go beyond these
measurements.

SAXS is, in contrast to XPS, an X-ray in X-ray out scattering technique. X-rays
with higher energy (typically in the range 8-20 keV’’ are used and we detect the
elastically scattered x-rays rather than the escaping electrons as in XPS.

SAXS is performed in transmission mode where the X-rays are shot through the
sample under investigation and the scattering at small angles around the directly
transmitted beam is detected. The SAXS set-up is described in Figure 3.14. X-rays
are directed through the flow of nanoparticles and the nanoparticles will scatter the
X-rays. However, some of the X-rays scatter only a very small angle. The very
small distances in reciprocal space represent large distance order and periodicity in
real space. These are the scattered X-rays detected in SAXS. Therefore, using
SAXS it is possible to gain information about the size and the shape of the
particles under investigation if their sizes are in the nanometer range’®.
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FIGURE 3.14

Schematics of a SAXS set-up. A focused beam of X-rays is directed onto a sample. In the figure seen as a capillary

with solution but in our experiment, in paper VI, a tube with flowing nanoparticles. X-rays scattered by a small angle is
detected. (adapted from 78).
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4. Characterization of and with
nanowires

In chapter 4 I present a description of the experiments done in this thesis. I start in
section 4.1 by presenting results connecting to cleaning and passivation of
surfaces which has been the main concern of paper III, paper IV and paper V. I
dedicate section 4.2 to studies related to aerotaxy nanowires, both surface studies
(paper 1) and in-situ studies (paper VI) of their seed particles. Finally in section
4.3 1 give a detailed description of the development, production and use of GaN
nanowires as probes for SPM (paper II).

A semiconductor-oxide interface is needed for many electronic devices, for
example MOSFETs. During the era of Si and SiO; this interface was quite early
perfected to a high level with an extreme minimization of defects and is now close
to perfect. For III-V semiconductors it is different since the semiconductor-oxide
interface contains a lot of defects. Therefore much of our efforts aim towards
removing the native oxides to develop defect free interfaces and surfaces of III-V
semiconductors, first for planar substrates, and later also for nanowire surfaces.

Furthermore, miniaturization of devices requires oxides with high dielectric
constant, which nowadays are deposited with atomic-layer control by ALD. For
III-V surfaces the ALD process comes with the additional advantage of a self-
cleaning effect. This effect is not yet perfect or fully understood but it is resulting
in a reduction of native oxides.

For InAs there are still issues with remaining defects and incomplete ALD. To
better understand the process in-situ, time-resolved, study of the surface chemistry
was needed which motivated the research presented in paper V. In section 4.1.1 |
present the results of our studies of the interface between InAs and HfO..

For GaSb it is even more difficult, as the self-cleaning effect is insufficient
(incomplete). In that case separate native oxide removal prior to the high-k ALD
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was needed. This is what we address in section 4.1.2 where we explore the oxide
reduction on GaSb using H-plasma cleaning. The preliminary results are presented
in the manuscript of paper IIIL.

Studies of the surfaces of aerotaxy nanowires are presented in section 4.2.1. Here
we completely focus on oxidized nanowires. We examine the effect of Zn doping
on the surface morphology and composition and find that the Zn, at very high
doping levels, can protect the nanowire from detrimental native surface oxides
forming in air (paper I).

Also for the GaN nanowire probes, presented in section 4.3, the oxidation is an
important question. For SPM studies GaN offers great advantage in the formation
of only a very thin oxide in ambient conditions. The (almost) lack of surface
oxides allows to skip the cleaning process, shortening and simplifying the probe
fabrication (paper II).

4.1. Surface cleaning and passivation

The structural quality of the interface directly influences the conductivity and
device performance. During device fabrication unwanted atomic scale defects are
introduced. One such defect is oxides resulting in high interface trap densities. In
this section I present different studies of cleaning of surface oxides.

4.1.1. Cleaning of InAs

The atomic layer deposition of ultra-thin, high-k, oxide barriers offers self-
cleaning and substitution of the detrimental native oxides forming on InAs in air.
The effect is not yet fully understood. One reason for the lack of understanding is
that most surface studies have previously been performed on the surfaces after
ALD. Studies of the process in-situ or detailed studies of each step of surface
treatment were still lacking. In paper IV and paper V this was addressed.

In paper IV several important steps of surface treatment of an InAs sample were
studied. This study was initiated since other studies” indicated that thermal
oxidation before the ALD step would significantly improve the device. XPS was
performed on the sample (i) before any treatment, (ii) after atomic H-cleaning, (iii)
after thermal oxidation in UHV, (iv) after exposing the sample to air again and
finally (v) after AI,O3 ALD on the sample again. XPS core level spectra from the
first three of these steps are shown in Figure 4.1 (a)-(f). To briefly follow up on
this let us explore the effects of introducing a thermal oxidation layer after H-
cleaning but before ALD of the high-k oxide.
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FIGURE 4.1

XPS data showing the core level As 3d peak and In 4d peak of an InAs flat substrate. (a)-(b) are reference spectra
from before cleaning. (c) H-cleaning results in a complete reduction of the As oxides and (d) a reduction of the
detrimental In 3* oxides. (e)-(f) a thermal oxide on the samples after cleaning. The fitted doublets are marked in the
figure. (adapted from paper IV)

In Figure 4.1 (a)-(b) we find spectra of the oxidized reference sample. H-cleaning
is found to completely remove the As-oxides (Figure 4.1 (c)-(d)). The addition of a
thermal oxide is shown in spectra in Figure 4.1 (e)-(f) where it can be seen that the
oxide is different from the native oxides in Figure 4.1 (a)-(b). The process slightly
improves the device which shows a decreased interface trap density observed via
multi-frequency capacitance-voltage characterization. More interestingly the
stoichiometry of the InAs oxides forming during the thermal oxidation was
different from the stoichiometry of the native oxides. This gives a clue to that it
can be the stoichiometry of the oxide that is the cause of observed device
improvement of the same samples. The thermal oxides were not stable when taken
out of UHV conditions but seemed to revert to the stoichiometry of the native
oxides. So even if improvement of the device has been observed through the
thermal oxide, this must be small effects due to the reforming of the surface
oxides.
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In paper V we examine the ALD of HfO, on InAs and perform time resolved
studies of the chemical interaction happening in the formation of the very first
deposition cycle. The first deposition (half-)cycle is interesting as this is when the
majority of the self-cleaning takes place.

By mimicking the conditions under which ALD is performed it was possible to
form a better understanding of the interaction during the very first steps of ALD.
This demand the use of HP-XPS since the ALD process is performed under higher
pressures than what is feasible for ordinary XPS. In HP-XPS differential pumping
and additional lenses are used to allow for measurements in higher pressures
(mbar regime). Moreover, the set-up used for HP-XPS also allowed for XPS in
UHYV after the reactions. This was used to confirm the presence of a HfO, film and
to show that the end result was fully comparable to commercially available ALD
deposited films.
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FIGURE 4.2

(a) Time-resolved XPS of the core level As 3d peak of an InAs flat substrate during ALD showing the removal of the
native arsenic oxides. The bulk peak as well as the oxide peak are marked in the figure. (b) Time-resolved evolution
of the As-oxide XPS peak intensity at a binding energy of 44.6 eV during the ALD. The inset shows the timespan
during which the reduction takes place. (adapted from paper V)

In Figure 4.2 the time resolved removal of As-oxides during the first half-cycle is
shown. The peak intensity, plotted in Figure 4.2 (b), shows that the removal of the
oxides is not instantaneous but happens over a time period of one minute.
Additionally a shift in binding energy of the As-oxide peak was observed. The
shift indicates that As-oxides in higher oxidation states are removed first followed
by As-oxides in lower oxidation steps. Hence the native oxide removal is neither
instantaneous nor homogeneous.

During the first half cycle of TDMAHTf deposition it is interesting to note that the
Hf-oxide formation (Figure 4.3 (b)) starts after the removal of the native oxides
(Figure 4.2 (a)). This means that it is not, as previously stipulated, the formation of
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the high-k oxides that is controlling the self-cleaning effect but rather the
molecular adsorption of the precursors happening before.
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FIGURE 4.3

XPS core level spectra of (a) As 3d and In 4d/Hf 4f peaks monitored during the first half cycle of ALD. The filled circles
shows data points while the dashed lines in shows the fitted components. (b) Time-resolved XPS of the In 4d/Hf 4f
spectra. A shift in binding energy is observed right before the formation of Hf-oxides. (adapted from paper V)

Turning to Figure 4.3 another interesting observation is a sudden shift in binding
energy of the In 4d/Hf 4f that happens right before the formation of Hf-oxides.
This shift is explained by a chemisorption step, not present in the current
simplified description of ideal ALD. The studies performed here suggest not only
the need for a revision of the description of the ALD but also that the length of the
precursor pulses can affect the completeness of the oxide removal.

4.1.2. Cleaning of GaSb wafers and nanowire surfaces

Devices such as field effect transistors and tunneling diodes in a metal-oxide-
semiconductor configuration has been realized with InAs nanowires*’. Using
GaSb, with its high hole mobility, it is possible to extend this to a complementary
metal-oxide-semiconductor geometry®’ and nanowire heterostructures of InAs-
GaSb has already been actualized®*’.

The main challenge with implementing GaSb into devices is its unideal surface
with an excess of surface states partly originating from a high density of defects
and a continuously growing native oxide that is not self-limiting. The Ga- and Sb-
oxides are also more difficult to remove compared to e.g. In- and As-oxides.
Promising attempts to remove these oxides has recently been conducted using N>
and H, plasma resulting in an interface with a significantly decreased density of
states®. Here we have studied the cleaning of GaSb flat substrates and nanowires
using H-plasma.
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To generate the H-plasma a Tectra gen 2 plasma source was used. The samples
were cleaned during a total of 20 minutes. The cleaning was interrupted and
spectra were taken after 2 minutes, 10 minutes and finally after 20 minutes. In
Figure 4.4 and Figure 4.5 the strong reduction of Sb-oxides and Ga-oxides on a
GaSb flat substrate as well as on nanowires using H-plasma cleaning is shown.
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FIGURE 4.4

XPS of the Sb 4d peak of (a)-(e) a GaSb flat substrate and (f)-(j) nanowire sample during H-plasma cleaning. (a) and
(f) shows a comparison of the spectra acquired at different times of cleaning. (b) and (g) shows the oxidized samples,
(c) and (h) shows the oxide reduction after 2 minutes of cleaning, (d) and (i) after 10 minutes of cleaning and finally (e)
and (j) after 20 minutes of cleaning. Spectra from the oxidized substrate sample (black line) and after 2 minutes of
cleaning (orange lines) are fitted with two doublets, one for Sb bound to Ga (blue) and one for Sb bound to oxygen
(green). Spectra after 10 minutes (purple lines) and 20 mminutes (dark green lines) are fitted with one doublet for the
Sb bound to Ga.
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We first turn to the oxide reduction observed in the Sb 4d spectra (Figure 4.4). The
oxide is fitted with one doublet (green) and Sb bound to Ga (blue) with another
one. It is clear that already after 2 minutes of cleaning the oxide is reduced
considerably for the substrate and completely for the nanowires. For the oxidized
nanowire sample (Figure 4.4 (g)) the intensity is low and it is difficult to obtain an
unambiguous fit. Therefore it is currently fitted with two peaks, separated by 3.5
eV.

The same trend is observed for the Ga-oxides though the Ga oxides are tougher to
reduce (Figure 4.5). The oxidation is observed to be less dominating for the
nanowires than for the substrate. Several doublets were required to fit the Ga 3d
spectra. We attribute the green doublet to Ga,0, the yellow doublet to Ga,O3; and
the red doublet to a mixed oxide, such as GaSbOs.

After 2 minutes of cleaning the Sb oxides are significantly reduced while at the
same time the Ga,O peak grows. This we attribute to the Ga-Sb-O redox which
has been observed previously®>*¢.
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FIGURE 4.5

Ga 3d peak of GaSb flat substrates and nanowires during H-plasma cleaning. The cleaning results in a strong
reduction of the Ga native oxides on both (a)-(e) flat substrates as well as on (f)-(j) nanowires surfaces. All spectra are
fitted with four doublets; 3 different oxide species (red, yellow and green) and one doublet corresponding to the Ga
bound to Sb (blue).

This study shows that prolonged H-plasma cleaning, at as low temperature as 250°
C, can completely remove all Sb-oxides and potentially remove all Ga-oxides. In
our case we are left with a small amount of the less detrimental Ga-oxide Ga,O.
We suggest to incorporate H-plasma cleaning as a standard pre-treatment in
plasma-enhanced ALD.
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4.2. Aerotaxy nanowires

In aerotaxy the nanostructures are grown from aerosol seed particles in a gas flow.
Growth by aerotaxy is still in an early stage and more research is needed to map
both the growth process as well as characterizing the resulting nanostructures.
Compared to other types of nanowire growth not much is known either about the
aerotaxy nanowire surfaces and composition or about the synthesis and growth
process. The growth process, conducted in gas phase, is technically vastly
different from other nanowire growth processes and imposes new challenges in
mapping and following of the growth step by step. Also the resulting nanowires
differ from what we are used to characterize. Due to their different morphology,
with a round cross-section and very small side facets, they become challenging for
both cleaning and characterization by SPM compared to nanowires with large, flat
side facets. We have tried to tackle these challenges and we have studied surfaces
of GaAs nanowires grown by aerotaxy. This is presented hereafter and in paper I.

Additionally, we have used considerable effort to develop a way to perform in-situ
SAXS studies, at synchrotron facilities, of the Au seed particles used for growth as
they are dispersed in a gas flow. This is presented in section 4.2.2 and in paper
VL

4.2.1. Surface studies

The GaAs aerotaxy nanowires studied in paper I were grown using the precursors
trimethylgallium (TMGa) for group III and arsine (AsH3) for group V. At feasible
temperature and TMGa/AsH; ratio the nanowires start to grow from the Au
particle in the [111]-direction. During growth also diethyl-Zn (DEZn) was
supplied to incorporate p-type Zn doping in the nanowires.

In paper I we compare acrotaxy GaAs nanowires with different amount of Zn
doping. XPS is used to get an understanding of the elemental composition in the
top layers of the nanowire surfaces and AFM is used to understand their
morphology. The nanowires were p-doped with Zn to a DEZn/TMGa ratio (given
in percent) of 3.5%, 60% and 100% and we denote these as lightly doped, medium
doped and highly doped, respectively. The actual value of the incorporated
dopants is not known.

The morphology of the nanowires is examined by SEM and AFM. SEM images of
nanowires from the different growth batches are shown in Figure 4.6. Already
from SEM images it is clear that the different doping ratios affect the growth of
the nanowires. At a low doping the majority of the nanowires are still straight and
uniform but for higher doping more nanowires start to look tapered and the growth
also results in more debris. In Figure 4.6 (d) an AFM height image of a part of a
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medium doped nanowire is shown. The Au particle is seen to the left in the image.
The apparent width of the nanowire is exaggerated in the AFM image due to
imaging artefacts. The true width of the nanowire should be closer to 150 nm as
observed in the color bar on the right.

(c) 100.%, highly doped

Ty

FIGURE 4.6

(a)-(c) SEM images of GaAs nanowires with different Zn doping. The growth ratio of DEZn/TMGa, is shown in
percentage in each case. (a) shows lightly doped nanowires. (b) shows medium doped nanowires. Some of the
nanowires are tapered and of varying thickness. (c) shows highly doped nanowires. At this doping the tapering is
considerable and a lot of debris from the growth is present. (d) AFM image of a medium doped aerotaxy nanowire.
(Adapted from paper I)

Using XPS we study the As 3d and Ga 3d core levels to get an understanding of
the surface oxidation of the nanowires. Spectra with these core levels are shown in
Figure 4.7. The As-oxides on the medium and highly doped samples are actually
exceptionally low for an oxidized sample possibly indicating that the Zn might
have formed a protective layer covering the nanowire. However, the amount of Zn
detected on the nanowires using XPS indicates a maximum of 2 atomic layers on
the highly doped sample and only a partial layer of Zn on the medium doped
sample. This would mean that already a partial layer of Zn would protect the
nanowire from oxidation for a time period of a couple of hours. A time frame like
that would make a difference during device production as the nanowires could be
transported between different growth and deposition systems without the
formation of an oxide and thus facilitate the practical use of the nanowires.
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FIGURE 4.7

XPS of GaAs nanowires with different Zn doping. The XPS core level spectra for different nanowire dopings of (a)-(c)
the As 3d peak and (d)-(f) the Ga 3d peak. The blue peaks are the fitted doublet of the bulk peak. The green peaks
are the fitted oxides and the yellow peak shows the, with Ga 3d overlapping, O 2s core level peak. All spectra were
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Turning to the results of the AFM measurements we conclude that the Zn absorbed
on the nanowire surface smoothens the surface morphology. The results are shown
in Figure 4.8. The overall structure of the aerotaxy nanowires compared to their
epitaxially grown counterparts is shown in Figure 4.8 (a)-(d). The aerotaxy grown
nanowires exhibits a round cross section in contrast to the common hexagonal
structure of the epitaxially grown ones meaning that the side facets are not large
and flat but rather consist of a patchwork of smaller ones. Using STM on H-
cleaned GaAs aerotaxy nanowires we have observed several small patches of

unreconstructed {110} surface of approximately 5-10 nm?.
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FIGURE 4.8

AFM height images of an (a) aerotaxy grown nanowire and (b) an epitaxially grown nanowire. Corresponding
individual line scans marked, in the AFM images in (a) and (b), are displayed in (c) and (d) where the round cross
section of the aerotaxy nanowire is compared to the hexagonal cross section of epitaxially grown nanowire. AFM
height image of a (e) lightly doped and (f) medium doped nanowire surface with corresponding line scans in (g)
showing the surface roughness ontop of the nanowires. (adapted from paper I)

4.2.2. In-situ studies

We have developed a technique to study heavily diluted aerosols in a gas flow.
The particles we study are the seed particles used for aerotaxy growth. This is
important in order to gain further control and understanding of the growth process
of aerotaxy nanostructures and would be the first step towards full in-situ study of
the entire growth process. To study dilute gases we need high X-ray intensities and
thus the use of a synchrotron. Hence the complete seed particle generation system
was moved to the European Synchrotron Radiation Facility as well as the MAX 11
synchrotron ring for development and demonstration.

The seed particles used for aerotaxy growth is generated using a spark generator in
a flow of N, gas. Two electrodes are brought close together and a voltage is
applied across them resulting in a spark kicking off material from the electrodes.
The material is a distribution of particles with different size and shape. The
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particles in the aerosol are sintered and size selected to obtain a more uniform
particle aerosol and this process is depicted in Figure 4.9. The sintering is done by
flowing the aerosol through a furnace melting the particles into spheres of
different sizes. Two differential mobility analyzers (DMAs) are used to size select
particles keeping only those of a desired size, usually between 5 and 100 nm.

Spark generation of Aerosol nanoparticles

Deposition
N, Furnace DMA

FIGURE 4.9
The set-up for producing an aerosol of nanoparticles. The particles are generated by a spark generator, sintered, size
selected and finally deposited on a substrate. (adapted from paper VI)

The particles flow through the system carried by a N, gas. Our aim was to probe
the aerosol at different stages of production in a manner depicted in Figure 4.9 and
Figure 4.10. However, the volume fraction of the particles generated and measured
before sintering was estimated to be 1 * 10~° and after sintering 7 * 10~1° Earlier
SAXS measurements have been successfully performed on volume fractions of
down to 1078 but our value is at least one order of magnitude lower than that. One
viable option for ultra-dilute aerosols has been to deposit the particles before
measuring them to achieve a higher concentration of particles. However, the
particle-particle interaction as well as the particle-substrate interaction risks
deforming the particles before being able to study them. Hence a development of
the technique was needed.
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FIGURE 4.10

Schematic view of the particle flow during measurement of a dilute aerosol of Au nanoparticles. The X-ray windows
were made of kapton and could be exchanged between each measurement for an increased accuracy of the
background estimation. (adapted from paper VI)

The Au aerosol flow was measured after the spark generation when the amount of
particles was observed to be the highest possible. Afterwards, we turn the particle
generator off but let the system run until no more particles were detected. At this
point we measure the background.

Since we already from the start had an extremely diluted aerosol to measure it was
important to minimize the loss of particles between generation and measurement.
To counter unnecessary particle losses we used a larger flow cell than normal to
avoid turbulence and subsequent particle build-up on windows and internal walls.
We also kept all tubing as short as possible to minimize particle losses to the
tubing walls.

Another key to being able to measure ultra-dilute aerosols has been to carefully
analyse and remove any background. During measurements we used thin kapton
windows (depicted in Figure 4.10) for both entrance and exit point to minimize
any loss of intensity of the X-ray beam. It was also beneficial to exchange the
kapton windows to new, clean ones between every measurement. For the most
demanding experiments we completely removed the windows and run the system
on a slight under-pressure.

Lastly the method of data analysis has played an important role to extract the
relevant data. More detail about the analysis methods used is found in paper VI
but it is beyond the scope of this thesis.
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4.3. GaN nanowire probes

STM and AFM have been invaluable tools for surface scientists for decades.
Already in the early years of SPM the idea existed of developing tailor made
probes. During the years, efforts have been made towards probes with specialized
properties. Mapping of the luminescence while charge carriers are tunneling
between the tip and the sample, was performed early on using a GaP tip®’. This is
now known as Scanning Tunneling Luminescence (STL). Furthermore, for STM,
semiconducting materials such as InAs®, ZnO* and diamond”™ have been
successfully used.

We have developed a method of producing GaN nanowire probes for SPM. GaN
nanowires have been used as probes for AFM®' and SNOM?? but our work is the
first reported case where it is used for STM.

Using a nanomanipulator we place a single nanowire on the very tip of an existing
probe. The process is shown in Figure 4.11. Arrays, as in Figure 4.11 (a), of GaN
nanowires with very similar shape make just a single growth substrate enough for
millions of tips. We pick up a single nanowire using a nanomanipulator inside an
SEM. The nanowire is then carried to the tip of the SPM probe where it adheres to
its surface. To create a better electrical contact between the nanowire and the tip
we deposit Pt using the electron beam in the SEM. A nozzle, supplying the metal
organic precursor (methylcyclopentadienyl trimethyl platinum), is inserted close to
the sample. The electron beam cracks the gas molecules of the precursor resulting
in deposition of Pt.

Pt nozzle

FIGURE 4.11

The procedure of making GaN single nanowire tips for STM and AFM. In (a) a single nanowire is picked up from its
growth substrate using a nanomanipulator inside an SEM. The nanowire is then carried to the tip (b), placed at the
very end of the probe and “glued” using EBID of Pt. Image (c) and inset shows a prepared AFM probe and (d) an STM
probe. The area of Pt deposition is highlighted by a white rectangle in (d). (Adapted from paper Il)

The method is versatile and in this manner we have put nanowires on several
different substrates such as etched tungsten wires (paper II), commercial Pt
probes, sapphire and GaAs wafers as well as on commercial AFM probes (paper
II and Figure 4.12).
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FIGURE 4.12

GaN nanowires mounted on different substrates and in different configurations. The SEM images shows GaN
nanowires mounted on the following substrates: (a) W-wire after FIB treatment, (b) a commercial SiO2 AFM probe, (c)
a W-wire with the GaN nanowire in upside down configuration, (d) a Pt probe for STM, (e) a Si wafer ((f) zoomed in on
(e)), (9) a GaAs wafer and (h) a sapphire wafer coated with Au. Arrows indicate the nanowire position in (e) to (h).

In the following sections I show results from the use of GaN nanowire probes for
STM/S and AFM.

4.3.1. GaN nanowires as STM/S probes

In paper II we describe how we have developed a method to produce GaN
nanowire probes for STM and AFM. In Figure 4.13 (a) the schematic of our GaN
nanowire STM probe is shown. In this case we have used a gold plated omicron
tip holder Figure 4.13 (b) and placed the nanowire on the etched W wire attached
to it. The technique is not limited to a special kind of holder but will work with
any STM holder.

@) STM probe
Platinum

Nanowire

FIGURE 4.13
(a) Sketch of a GaN nanowire STM probe. The nanowire is placed on the W-probe and secured with EBID of Pt. (b)
Picture of a GaN nanowire STM probe.
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The idea of using nanowires as probes for STM is appealing for several reasons.

GaN nanowire probes

Well-defined shape.

Thin native oxide.

High hardness.

Large direct bandgap.

Low X-ray optical density.
Possibility of heterostructuring.

The nanowires have a well-defined and well-known shape. Since an STM image is
always a convolution of the combined system of the tip and the sample there is a
great advantage to know the shape of the tip to de-convolve the image and extract
information about the sample under investigation.

The native oxide forming during ambient conditions on GaN is thin. The oxide is
dominated by Ga,05%*** and reportedly under one mono layer for a Ga-terminated
(0001) surface” allowing us to conveniently tunnel through using STM. This
means that we have the luxurious situation where we do not have to clean the GaN
nanowire probes nor keep them stored under vacuum but can freely use them and
transport them conveniently.

The hardness of GaN was recently found to be surprisingly high®®. They are found
at 7 on Mohs scale, on par with quartz and tungsten. GaN has a large, direct band
gap of 3.4 eV?". It is also a material with low X-ray optical density meaning that it
is transparent to X-rays opening up the possibility of simultaneous SPM and light
experiments.

With the well-developed knowledge of GaN nanowire growth comes the
possibility of heterostructuring’ to further specialize the properties of the tips.

R ‘;\
1st under-layer
Core

Narrow passage

FIGURE 4.14

(a) A sketch showing a single underlayer nanowire. The (grey) core is covered by a (black) underlayer but the core is
still cutting through the top side facets of the nanowire. (b)-(c) SEM image of GaN nanowires with a single underlayer.
A red arrow in (c) marks the dark lines indicating the core visible in top view of the nanowires.
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The structures are grown by selective-area epitaxy with metal-organic chemical
vapor deposition (MOCVD). The growth is conducted in a three-step process in
one growth run. During growth Si dopants are introduced to make the resulting
nanowire n-type. A core, which has poor conductivity, is grown and covered by a
radial underlayer of high quality GaN (as in Figure 4.14(a)). A second layer of
high quality GaN is added to thicken the radial layer of conductive material and to
make the sharp GaN tip tailored for SPM.

For a nanowire to be a well-functioning probe it has to be stable and conducting.
In the first tries of using GaN nanowire probes a version of the nanowire was used
that was grown using a two-step process as depicted in Figure 4.14 (a). This was
not sufficient as the core, which is a poor conductor, cut through the tip structure
(red arrow in Figure 4.14 (c¢)) creating an extremely narrow or no passage for the
electrons to pass from the tip to the bottom of the nanowire which results in tip
crashes on approach.

The band gap of the probe plays a significant role during STM/S. In case of a
semiconducting probe on a metallic surface the situation is conceptually the same
as if we use a metallic probe on a semiconducting surface. There is no inherent
difference between a tip and a sample and the only thing to keep in mind is the
sign and location of the applied bias. For a semiconducting probe on a
semiconducting surface on the other hand we have some interesting things to
consider.
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FIGURE 4.15

The band diagrams of an undoped semiconducting tip scanning on an undoped semiconducting sample. In (a) no bias
is applied to the system. The band shifts realtive to each other when we apply a (b) positive or (c) negative bias to the
sample. The conduction band (CB), valence band (VB) and the tip-sample separation (z) are marked in the figure.
The Fermi level, Er, is marked by a dotted black line. In the cases where a bias is applied over the system the
difference in energy between the Fermi level of the tip and the sample is marked by eVt and indicated by a dotted red
line and a red arrow.
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Choosing appropriate parameters for approaching and scanning plays an important
role in maintaining a long lifetime of the probes. For the scanning voltage one has
to be sure to choose an energy that is outside of the combined band gaps of the tip
and the sample which is the energy of two band gaps added together as can be
seen from Figure 4.15. The position of the Fermi level is unknown, partly because
the actual doping is unknown and partly because we might have tip induced band
bending which would change the situation away from what is modelled in Figure
4.15. Therefore we commonly choose a value considerably greater than half of the
combined gap which would otherwise be sufficient if the Fermi level was found in
the middle of the gaps.

We have scanned various samples with the GaN nanowire probes. Here we present
STM results from Au(111), GaAs(110) and InAs(111)B (e. g. the As-terminated
surface). Common to all STM measurements with the GaN nanowire probes is that
it has been proven difficult to obtain atomic resolution.

Scanning InAs(111)B we see the characteristic triangle shape islands (Figure 4.16
(a)-(b)) of the surface. By analysing single scan lines across the surface we can get
an idea of the resolution.
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FIGURE 4.16

STM images acquired using a GaN nanowire probe. The scanned sample is in (a) an InAs(111)B sample with a
tunneling current of | = 80 pA and a tunneling voltage of V = -4 V. (b) Line profile of both the trace (forward scan) and
the retrace (backward scan) from the line marked in (a). (c) A Au(111) surface with (d) corresponding line scan.
Scanning parameters on Au was a tunneling current of | = 40 pA and tunneling voltage of V = 3.5 V. (Adapted from
paper Il)

At a Au(111) surface (Figure 4.16 (c)-(d)) we obtain a similar resolution as we do
on the InAs(111)B surface. The noise levels in both cases are 0.1 nm and on the
InAs surface these electronic structures seem to be real as they appear in
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individual scan lines back and forth on the surface. This could be electronic
features arising from the interplay between the semiconducting tip and sample.

We can confirm the presence and function of the nanowire tip by imaging it with
SEM before and after scanning. We can also confirm the presence of the nanowire
on the tip using STS. So for example when performing STS on Au a clear bandgap
is seen consistent with the presence of GaN.

4.3.2. GaN nanowires as AFM probes

GaN nanowires have been used as AFM probes before’’. However, our probes are
tailor made with a sharp tip apex and we show more extensive scanning results
from atomic step scale to micron scale. Additionally, we developed a new
preparation method that is quicker and more cost effective.

Our preparation method follows the same steps as the preparation of the STM
probes but with a few minor differences. For AFM probe production we bring the
entire cantilever chip into the SEM chamber. We pick up a nanowire from the
growth sample using the nanomanipulator and transfer it to the AFM probe. We
place the nanowire on the AFM tip. The commercial AFM tips we use have a
pyramid shape. This means that the mounting will result in an angle of the
nanowire with respect to the normal. This angle will affect the images acquired
with the tip but can be accounted for in the image analysis.

We have scanned various samples with the GaN nanowire probes. Here we present
AFM results from highly oriented pyrolytic graphite (HOPG) and SiOs.

200
X(nm)

FIGURE 4.17

(a)-(b) SEM image of a GaN nanowire mounted on a commercial AFM tip. The pyramid shape of the AFM tip gives an
inherent angle of the nanowire. (c) An AFM image of a SiO2 test sample where a hole structure is imaged. (d) Line
scans from the lines marked by numbers in (c). (Adapted from paper II)
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All AFM images will be a convolution of the shape of the AFM probe and the
scanned surface. Knowledge of the shape of the probe offers the opportunity to de-
convolve the image and extract the part originating from the surface. This we do
and describe in detail in paper II where we analyse the slope of the line scan
when the probe enters or exits a hole in the SiO; test structure (Figure 4.17 (c)-
(d)). Our results are comparable to earlier results of GaN AFM probes mounted
differently®'.

A

0
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FIGURE 4.18
(a) An HOPG sample scanned with a GaN nanowire probe. (b) line scan of the line marked in (a) showing the atomic
steps on the HOPG surface. (c) AFM image of a GaN nanowire imaged with a GaN nanowire probe.

Using a GaN nanowire probe we have scanned a HOPG sample. We can resolve
atomic steps as shown in Figure 4.18 (a)-(b). We have also used a GaN nanowire
probe to scan on a GaN nanowire and the result is shown in Figure 4.18 (¢). The
side facets of the GaN nanowire can be seen as well as the side facets of the
pyramid tip structure.

66



5. Concluding remarks and outlook

In conclusion, focus has been on performing and developing characterization to
resolve questions in three areas of III-V nanowire research; surface/interface
quality, growth and applications.

First the technologically relevant interface between III-Vs and oxides has been
investigated. Studies have been made on various III-V nanowire and substrate
surfaces, such as GaAs, InAs and GaSb. The investigations of flat substrate
surfaces can give more detailed information than what can be obtained from the
confined nanowire surfaces which give only weak signals in for example XPS. As
a result, the understanding gained from substrate surfaces is important in
interpreting the nanowire results. Several different methods of surface chemical
control have been investigated including atomic hydrogen cleaning, hydrogen
plasma cleaning, thermal oxidation, Zn doping and self-cleaning by ALD. The
surfaces of aerotaxy grown nanowires were investigated. The effect of Zn doping
on the surface morphology and oxide was studied. It turns out that Zn doping
might help with the passivation of aerotaxy nanowire surfaces — something that
would allow for easier post-growth processing. Detailed studies of several critical
steps of surface preparation were made on InAs. The effect of a thermal oxidation
before ALD has been investigated. It is an approach that could open up for higher
quality of the interfaces of devices. The thermal oxide showed a different
stoichiometry than the detrimental native oxides. Though not stable in air some
groups have still seen a positive effect on device performance. Using XPS and
hydrogen plasma cleaning on GaSb substrates and nanowires we see a reduction of
detrimental native surface oxides that goes further than what we have achieved
with other cleaning techniques. The studies in this thesis show that there are many
possibilities for improving the properties of the surface oxides on nanowires.
However, it is also clear that much work remains in this area. One interesting
avenue would be to directly combine the ultrahigh vacuum systems for cleaning
and oxidation with an ALD system so that samples do not need to be transported
in air. Going a step further one could even combine these directly with the growth
systems. An alternative would be to follow up on effects as seen for the aerotaxy
nanowires were a protective oxide is formed during initial synthesis which could
allow transport. As the final aim is improved electrical/optical properties of the
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nanowires it would also be interesting to couple the surface studies more directly
with measurements of electrical and optical properties.

Second, the growth and synthesis processes are addressed in-situ with the
development of the technique to study the seed particles of aerotaxy nanowires.
Better knowledge of the yet, to a large extent, unknown processes behind aerotaxy
growth is within reach as it is now possible to study each step of the growth in-
situ. The developed technique is widely applicable to aerosols as well as other
dilute systems to determine the reactive surface area of nanoparticles during
different stages of their production or using different production schemes. This
could be used also outside semiconductor industry of for example catalysis
research, environmental studies or medical sciences. For InAs surfaces the ALD of
HfO, was monitored in-situ using XPS. The discovery of the criticality of the
adsorption step shows that there is a lot to learn using the new technique. Further
experiments could be important for designing and optimizing ALD cycle
parameters. Still only very few experiments have been performed and new studies
on several more configurations of semiconductors and high-k oxides would be
desirable to form a better general understanding in the area.

Third, one area of applications are found with the development of tools based on
nanowires for further characterization and manipulation. In this context the thesis
presents the creation of GaN nanowire probes with sharp tips. These probes have
been shown to be useful for STM and AFM, but are not limited to these
techniques. Interesting observations could be done using a large band gap
semiconductor as an STS probe on semiconducting surfaces. The use of the large
band gap and low optical density material GaN opens up to experiments with
incorporated light and has potential use in scanning near-field optical microscopy.
Already ongoing is the development of simultaneous STM/laser experiments using
these probes. The advantageous structure of a nanowire also gives opportunities to
use the probe as a wave guide guiding light onto or away from a sample. Further,
their transparency to X-rays might prove useful when SPM is combined with X-
ray imaging. Finally, I hope to see the precise GaN probe used in other
applications, such as a nano-indentation tool, to make use of the hardness of the
material.

In the future, one can imagine that the different approaches and methods presented
in this thesis can be combined to improve our fundamental understanding of I1I-V
nanowires as well as their function for applications. By combining the use of
several in-situ X-ray methods both the synthesis and subsequent surface
passivation/functionalisation can be followed “live” to get the complete picture of
the nanowire when it is to be used in a device. SPM can then also be implemented
to tell us exactly how the surface morphology is and tell us about electronic
properties. Finally, the nanowires can be used as probes on themselves to obtain
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better defined results as seen in Figure 4.18. The methods presented here are only
a subset of what is used to study nanowires, and during the work for example
various electron microscopies has also been of importance. In conclusion, only by
combining many methods is it possible to gain a sufficient understanding of all
aspects of III-V nanowires to allow them to fulfil their great promise in the coming
generations of technology.
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