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Abstract

Semiconducting nanowires have attracted scientific attention for more than 20 years
due to their potential applications in electronic devices, as sensors, and in solid state
lighting. These applications require high quality nanowires to begin with. Achieving
such good control over the growth of nanowires is not trivial and requires profound
understanding of the underlying processes.

In this thesis, nanowires of different materials and combinations thereof have been
grown with the help of seed particles by metal-organic vapor phase epitaxy
(MOVPE). The focus of the investigations lies on the influence of several seed
particle properties on nanowire growth.

First, we compared six particle preparation and deposition methods for the most
common seed particle material — gold - and their influence on the growth of GaAs
nanowires. We observed only small differences, mainly in incubation times, which
did not have a significant effect on the nanowire length after some growth time,
though. The optical properties, however, varied between nanowires seeded by
different particle types.

Further, copper as seed particle material for growth of InP nanowires and InP-InAs
heterostructures was investigated. The aim was to get a deeper understanding of
which properties or combination of properties determine a “good” seed particle
material. InP nanowire growth from Cu particles differs a lot from nanowire growth
from Au seed particles in terms of temperature range and precursor molar fractions.
Furthermore, growth from two types of particles — Cu-rich and In-rich — occurs
simultaneously at low V/III ratios. The investigations of InP-InAs heterostructures
showed that it is indeed possible to grow straight heterostructures, but we observed
unusual layer formation of the InAs segments.

Finally, we used the possibility of iz situ TEM to investigate nanowire growth at the
IBM T.J. Watson Research Center. We combined group IV and group II/V
materials and investigated the particle dynamics that may lead to kinking. In
addition, we investigated the instantaneous kinetics of GaP growth.






Populirvetenskaplig Sammanfattning

Minga material ir kristallina — inte bara ddelstenar, utan dven alla metaller och
keramiska material bestar av kristaller. Till och med ménga proteiner och t.ex.
acetylsalicylsyra, basen till aspirin, bildar kristaller. Nir nagonting kallas kristallint
menar man att atomerna sitter pd sirskilda platser och i en bestimd, regelbunden
ordning. De flesta material dr polykristallina, vilket betyder att de bestir av manga
sma kristaller. Daremot 4r det inte s enkelt att producera enkristallina material, d.v.s.
en hel bit som bara bestir av en kristall. I var forskning bedriver vi vixt av enkristaller
— vildigt smi enkristaller. De dr endast nagra tiotals nanometer tjocka och nagra
mikrometer linga och de brukar kallas nanotradar. En mikrometer 4r en tusendel av
en millimeter och en nanometer ir i sin tur en tusendel av en mikrometer.

Kristallerna vi producerar bestar av halvledande material. Ett halvledande material 4r
ett amne som bara leder strdm under speciella forutsittningar. Laddningsbérarna, det
vill siga elektronerna, kan inte passera ett energetiskt forbjudet omrade placerat
mellan tva tillstindsomriden som ir energetiske tillitna. I halvledare kan man indra
materialets egenskaper genom dopning, vilket innebir att man tillsitter (eller tar bort)
elektroner. P4 det viset kan fler elektroner finnas tillgingliga for att t.ex. leda strom.

Nir kristaller 4r tillrdckligt smd paverkar deras storlek elektronernas rorlighet. I de
nanotridar som vi jobbar med begrinsas rérligheten i tvd dimensioner och bara i en
dimension kan elektronerna flytta sig helt fritt. Att nanotrddarna ir si smé gér ocksa
att man kan kombinera olika material pa ett bittre sitt dn i mer storskaliga strukturer.
Man har visat att det 4r mojligt att bygga transistorer, solceller och dven lysdioder
(LEDs) av nanotridar.

Hur vixten av nanotrider fungerar och hur man kan kontrollera den stir i fokus i
denna avhandling. Nanotradar vixer pa ett underlag, ett sa kallat substrat. P4 grund
av kristallordningen vixer de i lodrit rikening i forhallande dill substratets yta. For att
f3 nanotradar i stillet for en stor kristall maste man se till att vixten dr snabbare pa
héjden 4dn vad den 4r pa bredden. Detta gir att gora genom att man anvinder sig av
sa kallade odlingspartiklar. Atomerna som anlinder till substratet stannar hellre vid en
sadan partikel 4n ndgon annanstans pa substratet. I partikeln stiger koncentration av
ankommande atomer och partikeln dvermittas efter en stund, vilket betyder att
koncentrationen ir hogre 4n jimviktskoncentration, och material maste fillas ut. D4
bildas en enkristall under partikeln och nanotraden vixer fram samtidigt som den
lyfter partikeln.
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Figure 1: Schema av nanotridsvixt. a) Odlingspartiklar placerat pi substratet, b) Atomerna
kommer in och fastnar i partiklarna c) Partiklarna évermittas, nanotrddar borja véixa och lyfter
partiklar up d) efter en visst lingd slutar man nanotridsvéxten

Sidana enkristallina tradar har man latit vixa med hjilp av metallpartiklar i manga
decennier (i storleksordningen nanometer i ungefir 20 4ar). Det vanligaste
partikelmaterialet som anvinds dr guld. Guldpartiklar fungerar vildigt bra som
odlingspartiklar av manga olika skil. Vi har dnnu inte fullt ut forstite varfor guld
fungerar s bra, och exakt vad som behovs for att ett material ska limpa sig som ett
bra odligsimne ir heller inte kint. En viktig friga som jag forsoker besvara i detta
arbete dr hur odlingspartikeln maste vara beskaffad for att fungera optimalt.

En del av mitt arbete har idngnats at hur olika framstillningsmetoder av
guldpartiklarna péverkar nanotridsvixten och deras egenskaper. Vi sig att det finns
smd skillnader i bérjan av vixten p.g.a. olika fororeningar, men i stort sett vixer
nanotridarna lika bra frin alla typer av guldpartiklar som vi jimférde. Vi faststillde
dock att nanotriddarnas optiska egenskaper, d.v.s. hur de lyser nir man utsitter dem
for en elektronstrile, var ganska olika, beroende hur man hade framstille partiklarna.

Vi jimforde inte bara guldpartiklar med lite olika egenskaper utan bytte dven material
till koppar. Det 4r inte bara intresset av att forstd tillvixtprocessen utan iven
nodvindigten fran ett industriellt perspektiv som driver forskningen dill att ersitta
guld. Guldet kan nimligen forstora halvledarens egenskaper. Resultaten visar att det
finns en stor skillnad mellan nanotradsvixt frin guld och frin koppar. Det verkar som
att kopparpartikeln pa nanotriden indrar sitt tillstaind flera ginger under vixten,
vilket leder till stora instabiliteter. I sidana fall kan man bara spekulera i vad som
hinder, eftersom vi bara kan titta pd proverna efterat. Tank om man skulle kunna
kika in i vixtreaktorn...Vira samarbetspartners frain IBM har sidana majligheter. De
har ett mikroskop som tal att man har gas i kammaren samtidigt som man tittar pa
nagot. Det betyder att vi kan titta pd nanotriden medan den vixer och séledes att vi
kan observera vad som egentligen hinder med partikeln under vixten. Sa upptickee
de t.ex. ett vildigt spinnande férhéllande vid grinsytan av partikeln och triden som
man inte hade kunnat forestilla sig om man inte hade sett det. P4 IBM har vi bland
annat undersokt vad som egentligen ir orsaken till att nanotradarna ibland béjer sig
nir man kombinerar olika material.

10



List of Symbols

A_}(X‘L‘/I
AG

Ede:

a~ ;SN
=

Ve SUEN

Semi-angle of collection of a lens

Surface energy

Interface energy

Resolution

Cu,In phase

Surface diffusion length

Wavelength

Chemical potential

Surface energy density

Mean time of residence

Exponential term in the aberration function
Atomic volume

Mean distance between adsorption sites
lattice constant

Concentration

Spherical aberration

Surface diffusion coefficient

Overfocus

Scherzer defocus

Gibbs free energy

Electron energy

Envelope function related to defocus spread
Activation energy for desorption
Envelope function related to illumination convergence
Activation energy for surface diffusion
Specimen function

Area in the image

Contrast transfer function

Intensity

Number of atoms in a nucleus
Boltzmann constant (1.38065 x 10 J/K)
Cliff-Lorimer factor

Refractive index

Pressure

Gas constant (8.3145 J/mol K)

Radius

11



N E N

12

Supersaturation
Temperature
Reciprocal lattice vector
Surface energy term
Element mass



List of Acronyms

EBL
EBD
ECA
EELS
EPC
ESC
ESAC
fcc

FFT
HAADF
hep
HR-TEM
LPE
MBE
MEC
MO
MOCVD
MOVPE
PIN
PLL
SDA

SE

Analytical electron microscopy

Auger electron sprectroscopy

Body-centered cubic

Bright field

Backscatter electrons

Charged-coupled device

Chemical beam epitaxy

Cathodoluminescence (spectroscopy)
Conventional transmission electron microscopy
Contrast transfer function

Direct deposition of colloidal particles

Dark field

De-ionized water

Differential mobility analyzer

Electron-beam lithography

EBL-defined particles

Aerosol particles generated by evaporation/condensation
Electron energy loss spectroscopy

Electronic pressure controller

Electro-spray deposition of colloidal particles
Electro-spray deposition and annealing of colloidal particles
Face-centered cubic

Fast-fourier transformation

High-angular annular dark field

Hexagonally closed packed

High-resolution transmission electron microscopy
Liquid phase epitaxy

Molecular beam epitaxy

Mass-flow controller

Metal-organic

Metal-organic chemical vapor peposition

(also OMVPE) Metal-organic vapor phase epitaxy
Preferential interface nucleation

Poly-(L)-lysine

Aerosol particles generated by spark discharge
Secondary electrons

13



SEM
TBA
TBP
TEG
TEM
TMA
™G
T™I
TPB
UHV
VLS
VSS
WwWZ
XEDS
7B

14

Scanning electron microscopy/microscope
Tertiabutylarsine

Tertiabutylphosphine

Triethyl-galllium

Transmission electron microscopy/microscope
Trimethyl-aluminum

(or TMGa) Trimethyl-gallium

(or TMIn) Trimethyl-indium
Triple-phase-boundary

Ultra high vacuum (pressure lower than 10” mbar)
Vapor-liquid-solid

Vapor-solid-solid

Wurtzite

X-Ray energy dispersive spectrometry

Zinc blende



List of Papers

The thesis is based on the following articles.

I. A comparative study of the effect of gold seed particle preparation method on
nanowire growth
M.E. Messing, K. Hillerich, ]. Bolinsson, K. Storm, J. Johansson, K.A. Dick, K.
Deppert, Nano Research, 3 (2010) 506-519.

I took part in the planning of the project, conducted large parts of the
characterization and analysis, and developing the article.

II. Epitaxial InP nanowire growth from Cu seed particles

K. Hillerich, M.E. Messing, L.R. Wallenberg, K. Deppert, K.A. Dick, J. Cryst.
Growth, 315 (2011) 134-137.

I planned the project, conducted all experiments, their characterization, and
their analysis, and I wrote the article.

II1. Simultaneous growth mechanisms for Cu-seeded InP nanowires

K. Hillerich, K. Dick, M. E. Messing, K. Deppert and ]. Johansson, Nano Research,
5(2012) 297-306

I planned the project, conducted all experiments, the characterization and their
analysis, and I wrote the manuscript.

IV. Strategies to control morphology in hybrid group III-V/group IV hetero-
structure nanowires

K Hillerich, K. A. Dick, C.-Y. Wen, M. C. Reuter, S. Kodambaka, F M. Ross,
submitted to Nano Letters

I performed growth experiments, extracted, analyzed, and interpreted data, and
wrote the manuscript together with Frances Ross.

15



The following papers are not included in the thesis:

1. The use of gold for fabrication of nanowire structures

M.E. Messing, K. Hillerich, ]. Johansson, K. Deppert, K.A. Dick, Gold Bulletin, 42
(2009) 172-181

I took part in the discussion of the concept of the article, contributed some parts
of the text and illustrations and took part in the discussion of the article.

2. Growth Mechanism of Self-Catalyzed Group III-V Nanowires

B. Mandl, ]. Stangl, E. Hilner, A.A. Zakharov, K_Hillerich, A.-W. Dey, L.
Samuelson, G. Bauer, K. Deppert, A. Mikkelsen, Nano Letters, 10 (2010) 4443-
4449

I performed parts of the SEM characterization and dimension measurements. I
took part in the discussion of the manuscript.

3. Periodically changing morphology of the growth interface in Si, Ge, and GaP
nanowires
C.Y. Wen, . Tersoff, K._Hillerich, M.C. Reuter, ].H. Park, S. Kodambaka, E.A.
Stach, F.M. Ross, Phys. Rev. Lett., 107 (2011) 025503

I grew the GaP nanowires, took part in the 77 situ experiments on them and took
part in the discussion of the manuscript.

4. A cathodoluminescence study of the influence of the seed particle preparation
method on the optical properties of GaAs nanowires

A. Gustafsson, K. Hillerich, M. E. Messing, K. Storm, K. A. Dick, K. Deppert and ].
Bolinsson, Nanotechnology, 23 (2012) 9.

I took part in the planning of the project, performed particle depositions and
growth experiments and took part in developing the manuscript.

16



Acknowledgments

It would have been a waltz for me, if I had to write a thesis about all the people I met
on my way. Unfortunately, I have to limit my acknowledgments to a tiny part of the
thesis. Although one might think, nanowires are the main actors in the play, the
people actually are! I am happy to be part of this very inspiring research group.

There are some people I am especially grateful to for their help or for just making my
days:

I thank the whole Crystal Growth & Materials Science group for lively discussions,
ideas and advices during our meetings. I learned a lot on Friday mornings.

I thank my supervisors Jonas Johansson, Knut Deppert, and Kimberly Dick
Thelander for their support, their ideas, inspiring discussions, and comments on my
work and writing.

Jonas, you help me to get structure in my chaotic thoughts. You are always so kind
and supporting. You even taught me a lot of patience.

Knut, you have been such a caring supervisor, I know you are always there for me,
helping in both work and private problems. When I get stuck, you also help me to
find the exit.

Kimberly, thank you for convincing Jonas and Knut, that you need me here! Thank
you for all your knowledge on nanowires, all the useful comments, discussions, and -
last, but not least- the barbecues at your place.

I had the possibility to spend some time at the i situ TEM at the IBM T.J. Watson
Research Center, Yorktown Heights with great scientists. This has always been a great
time in the lab with Frances, Cheng-Yen, and Yi-Chia. I thank Frances’ family so
much for hosting me so warmly and for helping me when I was sick.

I thank the nCHREM people Gunnel, Martin, and Reine for patiently teaching me
the TEM and helping me with the troubles I tend to have with the instrument.

Thank you, Magnus and Sebastian, for very useful discussions and much practical

help on MOVPE and nanowire growth.

I thank Bengt for being such a great problem solver and friend. Apart from talking to
you about the moods of an old lady, it is great to chat about anything else in life with
you, too. Without Seren’s endless source of knowledge and his work on the machine,
we would not have been able to finally start it again. Thank you.

17



I thank Dario for helping me with tedious TEM and STEM investigations on my

strange thCI‘OStI'LICtUJ‘C nanowires.

The people who make our lab working so smoothly, that we can concentrate on
research and we tend to only recognize them, if something doesn’t work...Heiner,
Lars, Anneli, Anders, Line, Mona, Mari, Monica, Ivan, Peter, Peter, Mariusz, Hikan,
George, Anders, Lena, Bengt, Karin, and Elsie. Thank you for your help anytime I
asked.

Supervising “my” master student Fangfang was a great experience, even though I am
quite spoiled now. Fangfang, you always warm my heart with your little somethings,
cakes and nice emails.

Bernhard welcomed me here, told me all important stories and made my time here
much easier. I appreciate the hours of “sudern” and all the things I learned from you.
Jessica, it was great working with you and thank you for all your help (and your nice
figures). You see things differently and that is a great inspiration. Monica brightened
every corridor and lunch room, when she still was working here. I am happy, that we
still manage to meet from time to time. I thank Andreas for conversations, language
corrections, apples, hugs, and more; Nicklas for entertainment late in the evenings;
and Daniel for cakes, hugs, and trust. Thanks also to the “twins”, Hikan and George,
for my daily dose of compliments and skitsnack.

I am proud to be able to use the term “my girls” for the first time in my life. I have so
much fun with you, Mia Muffin, Fia Falafel, Mercy Men-Magnet, Sofia Smultron,
and Sepideh Super-Match. Our adventures are legendary. I am looking forward to
more Paradises, Ginger Apple Martinis, gaggles and giggles, and cry babies.

Maria and me — the fantastic couple. Unfortunately, we didn’t work together enough,
the few times have been so straightforward and inspiring. But, we have such a great
time together otherwise, which counts much more. Thank you for being such a great
friend, always there with an ear to listen, an honest mouth to give useful advice, and
an open mind to understand our somewhat different perspectives to life.

I thank all my friends in Germany, who haven’t forgotten me and welcome me in the
rare moments I meet them as if [ have never been away. I am especially happy that
many of you find the way to Lund and visit me! I am especially grateful to Annette,
my sister, Tanja, Simon, Helene, Lisa, Heike, Holgi, Christian, Andi, Daniel, and
Chrisje for all their support and friendship during difficult times.

I thank E. for accompanying me during the first part on my way to a PhD.

My family, who supported my curiosity and fantasy and all my way to where and who
I am now. Thank you so much. Thank you that I can always count on you whatever
happens. The uncountable parcels with food and precious things from the homeland
made my life much nicer.

18



1 Introduction

The trend of miniaturization can be observed in almost all areas of technology.
Examples include mobile phones, computers, medical operation tools or lab-on-a-
chip applications. The reason for miniaturization lies not only within the possibility
to fabricate smaller devices, but also in the fact that new effects appear as soon as the
size reaches the nanometer range. One consequence of the diminutive size is the large
surface-to-volume ratio of nanostructures. This increases the efficiency of catalysts or
the sensitivity of sensors. Furthermore, the mechanical properties change with down
scaling, since certain deformation mechanisms are no longer energetically favorable.
Moreover, some material phases which do not exist in bulk are stable at small size
scales. The size has even more significant effects on the electrical, optical, and
magnetic properties. In this size range the carriers are confined and quantum effects
play a major role.

To fabricate such nanostructures, two main fabrication concepts are applied: top-
down and bottom-up. In top-down processes, the nanostructure is fabricated from a
macroscopic material. A common method is lithography, where a pattern is
transferred onto the material and the structures are then engraved or deposited along
the pattern. The bottom-up approach uses self-organization of molecules and
particles, which assemble to certain structures. Natural processes are bottom-up
processes, and a lot can be learned by studying nature’s way of structure formation,
such as DNA, membranes and minerals. Examples of bottom-up processes are the
formation of colloids, quantum dots, nanowires and biomineralization. It is often
easier to control top-down approaches, but they suffer from complicated and
expensive processes. In addition, it is difficult to form arbitrarily small structures.
With bottom-up processes, smaller objects can be achieved in a more simple way, but
finding a good way of control is typically more challenging. In practice, a
combination of bottom-up and top-down techniques is often applied.

Even in crystal growth, the miniaturization trend has been followed. Crystal growth is
in itself an example of a bottom-up technique, since atoms assemble into a crystal
lattice. The processes in crystal growth and epitaxy (a method of crystal growth used
to achieve perfect and oriented crystals) are presented in chapter 2 of this work.
Besides the controlled growth of bulk crystals (3D), techniques to grow thin-films of
high quality have been developed, such as liquid-phase epitaxy (LPE), molecular
beam epitaxy (MBE), and VPE (vapor-phase epitaxy). Very thin layers can be
obtained, leading to so-called quantum wells, where the electrons are confined in one
dimension but are free in the other two (2D). By refining the fabrication techniques,

19



self-assembly of zero-dimensional (0D) crystals, i.e. quantum dots (in terms of the
electron confinement), has been realized. These structures form due to differences in
surface energy or strain. Other than 3D, 2D and 0D growth, 1D growth has been
performed as well, resulting in nanowires (NWs). Nanowires can be grown
horizontally on a substrate or extending out from it. We aim for nanowires which are
vertically-aligned to the substrate, by using the correct crystallographic substrate
orientation. Their electronic and optical properties as well as the possibility to
combine materials, which cannot be combined in thin-films or quantum dots,
triggers a high interest in growth of nanowires. A large number of nanowire devices
have been realized, such as transistors [1, 2], light-emitting diodes [3, 4], solar cells

[5] and biosensors [6].

The growth and application of nanowires is nowadays a research area with thousands
of articles published per year. The growth of one-dimensional structures is well
established, but has disappeared from focus for a while. The fabrication of “hairy”
silver crystals by heating argentite (Ag,S) was reported already in 1778 [7]. In the
1950s to the 1970s, intensive research on whiskers with dimensions in the range of
pm to cm was undertaken. The Proceedings of the International Conference on
Crystal Growth 1958 [8] solely dedicated to whiskers show this in an impressive way,
with 275 pages from 24 authors. For a long time, research was more focused on
metallic, oxide and carbide whiskers, and their mechanical properties. In 1964,
Wagner and Ellis proposed the famous vapor-liquid-solid (VLS) mechanism for the
growth of Si whiskers with the help of Au seed particles [9], which is still the basis of
our work. Not much later GaAs and GaP whiskers were grown via VLS with the help
of Au, Pd, Pt [10, 11] and even self-seeded with Ga [12]. However, whiskers were
rather an undesirable effect in thin-film growth at that time [13]. Only a few
researchers like Givarzigov continued to work on semiconductor whisker growth [14].
In 1991, Hiruma ez al. discovered the growth of GaAs nanowhiskers in MOVPE,
which were 10-20 nm wide and 1-5 pm long [15]. They first assumed a gold free
growth, but admitted one year later that they had gold residues in their chamber [16].
The interest in single crystal semiconductor nanowhiskers or nanowires (the terms are
synonyms) was and still is much higher than in microwhiskers, since they have these
interesting properties due to 2D carrier confinement [1, 17] as mentioned before.
Within the last two decades, nanowire growth of group IV materials [18-20], virtually
all ITII/V materials [21, 22] as well as the growth of II/VI [23, 24] nanowires has been
shown. The first article on nanowire growth from Lund was published as late as 2001
[25], and was followed until now by about 100 publications solely dedicated to
nanowire growth. The growth of nanowires is described in detail in chapter 5. As the
research group at Solid State Physics in Lund University concentrates on III/V
semiconducting materials, only those will be discussed further on.

In our and many other scientific groups, particle-assisted nanowire growth on the
basis on Wagner and Ellis'’ VLS mechanism is the dominating growth method.
Although particle-assisted NW growth has been conducted for many years and there
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have been great findings on the atomic and thermodynamic mechanisms behind the
function of particle enhanced 1D growth, the image is not yet complete and there are
several mysteries left. My research takes a close look on the particle. My contribution
is mainly focused on the properties of the particles, and how they influence the NW
growth. The aim of my thesis is to shed light on some aspects towards a complete
understanding of the mechanism; after these five years I can see that the road is long
and stony, and there are many challenges left.

One part of my research was to investigate the influence of different particle
preparation methods on the growth of NWs; i.e. how different impurities or crystal
structures change the properties of the gold particles concerning their ability to enable
NW growth [paper I] and the optical properties of the NWs [26].

The other, main project goes one step further and changes the seed material from
gold to copper. Both materials are similar, but the behavior as seed material differs
remarkably [paper ILIII].

An even deeper insight into the behavior of the particle was reached during the work
with Dr. Frances Ross at IBM T.J. Watson Research Center, where we investigated Si
and GaP nanowire growth iz sitw in a transmission electron microscope. We
investigated the change of composition, diameter, and kinking in dependence of the
growth conditions. We also realized multilayers of material combinations considered
difficult to grow before [paper IV]. Part of our collaboration helped to establish a
general observation, namely that NWs grow via an oscillating corner at the
particle/NW interface (see chapter 5.1) [27]. These findings were revolutionary for
the understanding of nanowire growth. Finally, we managed to grow GaP NWs iz
situ, which is unique until now. Our observations give rise to a new view on the
influence of the precursors and the formation of crystal defects during growth.

This thesis is built up as follows. In chapter 2, the basic concepts of crystals and
crystal growth are introduced. The experimental fabrication methods applied in this
work are described in chapter 3. Chapter 4 is dedicated to electron microscopy, which
is the crucial characterization technique for our research. In chapter 5, nanowire
growth is discussed in detail, including my contributions to the field. Finally, I will
conclude the thesis.
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2 Crystals and Crystal Growth

Crystals and their growth form the core of the thesis. This chapter introduces the
fundamental concepts of crystals to be known for further reading and the processes
and factors which control crystal growth. It presents a special kind of crystals —
semiconductors — and a special way of crystal growth — epitaxy. Finally, the reader
gets a glimpse on size effects on the formation of crystals.

2.1 Crystals

Crystals can be defined as solids with ordered atomic structure in contrast to
amorphous materials, where the atoms do not have a long-range order. In the crystal,
atoms are situated at certain crystal lattice sites. The lattice itself consists of units of
arranged atoms which are repeated by translation. These units describe the geometric
relation of the atoms to each other, and are called unit cells. The simplest unit cells
are simple cubic, body-centered cubic (bcc), face-centered cubic (fec) and hexagonal
closed packed (hcp) lattice (Fig. 2.1).

a)

Figure 2.1: Unit cells of crystal lattices. a) simple cubic, b) body-centered cubic, c) face-centered
cubic, and d) hexagonal closed packed

Crystals show direction dependent properties, so-called anisotropy, due to the
different geometry, packing density, and relation of neighboring atoms. Anisotropy
leads amongst others to different carrier mobilities, elastic properties, and growth
rates in different crystallographic directions. Directions or families of planes of the
same packing are identified by Miller-indices [28], three or four numbers for cubic or
hexagonal systems, respectively.
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Figur 2.2: Atomic stacking of ZB (left) and WZ (right) in <111> and <0001> direction,

respectively. The two colors represent two types of atoms, group III and group 'V, respectivel.
[Courtesy of J. Bolinsson].

The {111} planes in the fcc system and the {0001} planes in the hcp system are the
closest packed plane with every atom having six in-plane neighbors. These directions
are the preferential growth directions of nanowires and therefore important for this
work. These planes of hexagonally arranged atoms can be stacked in different
sequences. In fcc the stacking order is ABCABCABC..., whereas in hcp, layers are
stacked ABABAB...In III/V nanowires, two crystal structures form: the cubic zinc
blende (ZB) and the hexagonal wurtzite (WZ) [29](Fig. 2.2). These structures can
either be seen as dumbbells of a group III and a group V atom sitting on the lattice
sites of fcc and hexagonal lattices, respectively, or two lattices interpenetrating each
other. So, ZB and WZ are only different in their stacking. This means that a stacking
fault in one or the other structure may lead to a switch between ZB and WZ. Since
the stacking fault energy is not extraordinarily high [29], a mixed structure is a result
in nanowires for most conditions. The exact tuning of the crystal structure in
nanowires has been achieved though [29-32].
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2.1.1 Semiconductors

Semiconductors are a class of materials with special electronic properties. Here, only
crystalline semiconductors are introduced. Semiconductors are the basis for diodes,
micro-electronic devices, transistors, solar cells, light-emitting diodes, and photo-
detectors. The number of electrons of the atoms in combination with the
crystallographic arrangement leads to the formation of so-called energy bands, within
which the electrons can take any energy state. In semiconductors, one energy band,
the valence band, is filled with electrons, the other one, the conduction band, is
empty in the ground state and separated from the valence band by a zone of
forbidden energy states, the band gap. In semiconductors, this gap is small enough, so
that the electrons can overcome it, if they are excited by thermal energy or by an
electric potential. As soon as electrons reach the conduction band, the material can
conduct current. The special feature of semiconductors is, that this conductance can
be controlled by the amount of free carriers. Their number can be increased, as
mentioned above, by applying temperature or a voltage, as well as by inserting
additional states close to the band edge, from where electrons easily can reach the
band. This so-called doping is realized by addition of impurity atoms with another
amount of electrons. Electrons can also be excited by light having a wavelength
smaller or corresponding to the band gap. This is applied in solar cells, where
electrons are excited by the sunlight to the conduction band and induce a current.
Light-emitting diodes work the other way round: Electrons, which are pumped
through the device, fall down from the conduction band to the valence band and emit
light with a wavelength corresponding to the band gap.
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2.2 Crystal Growth

Crystal growth is a self-organizing process, where atoms assemble in an ordered
manner, and is driven and controlled by thermodynamics and kinetics. Here, I
concentrate on crystal growth on existing crystalline surfaces, and introduce epitaxy.

2.2.1 Thermodynamic and kinetic aspects of crystal growth

Crystal growth is controlled by thermodynamics and kinetics. Thermodynamics
describes the driving force for all processes: reaching thermodynamic equilibrium
which is the point of lowest free energy for the system. The rates at which processes
take place are described by kinetics. In many cases, thermodynamic equilibrium is
never reached, since the processes occur too slowly. These processes are referred to as
kinetically hindered. In other words, thermodynamics determine what happens,
kinetics determine how fast it happens. The occurrence of vapor pressure, for
example, is an equilibrium effect, i.e. thermodynamic, whereas crystal growth from
the vapor is a typical kinetic effect [33]. It is crucial to distinguish between these two
effects properly. They will be described on the following pages.

The thermodynamic approach can be used to explain a number of phenomena during
growth. The driving force for a phase change is the difference in chemical potentials
of two phases:

Ap= =, (2.1)

At equilibrium, Ay is zero. Let us assume phase I is vapor or liquid and phase 2 is
solid. If Az > 0, material would condensate, if Ay < 0, material would evaporate or
dissolve/melt. The difference in chemical potential can be expressed in terms of the
temperature 7 and the supersaturation S:

Au=RTInS (2.2)

The supersaturation is the ratio between a growth promoting quantity F (during the
process) and at equilibrium F:

S = —
E, (2.3)
The quantity F can be pressure, concentration, molecular fluxes amongst others. In

some cases A is referred to supersaturation instead.
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The classical nucleation theory gives the Gibbs free energy AG for nucleation of an
island depending on the number of atoms ; in the nucleus as follows [34]:

AG(j)=—jAu+ jPX (2.4)

where X is a surface energy term:

X:ZC/e7/e+CAB(7AB_7B) (2.5)

The first term stands for the surface energy of the different faces of the island (G is a
geometrical factor, depending on the shape of the island), the second term stands for
the interfacial energy between materials or layers A and B; y4s is the interfacial energy
of the new interface with the area Cys, 75 is the surface energy of B.

The plot of AG(j) vs. j (Fig. 2.3) has a maximum at the critical cluster size j’

YV (2.6)

The nucleation barrier is then given by

S\ 4XP
AG (] )=—2
27Au (2.7)
Nucleation of a layer in nanowires can rather be treated as 2D growth [35], that is

nucleation of a monolayer. The supersaturation is then in relation to the
corresponding step in the adsorption isotherm [34] and expressed in terms of pressure

psie.

Ay’zRTlnP—fq (2.8)
and AG.p(j) becomes then
MGy () =—jhu'+ j X (2.9)

The square root expression is due to the extra edge energy X.

The maximum is then at

X 2
(s
and e
AG,, (i) = Y 2.11)

where Au'=Apu—Ap, andAp, =(y, +y 45 — 7)), s the atomic volume of
the deposit.
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Figure 2.3: Free energy curves of nucleation AG (j) for 3D (full line) and 2D (dashed lines)
clusters and for different levels of supersaturation [34].

These considerations are not completely realistic, since it is questionable, how
macroscopic concepts like surface energies are appropriate for monolayers. At this
point, an atomistic approach should be applied, which still is in agreement with
macroscopic thermodynamics for large j. Here kinetics comes into play. The atomistic
processes are described by rate equations, which have in the simplest case solutions in
Arrhenius form: AG

where g could be the nucleation rate or a concentration along the surface, ¢o is a pre-
exponential factor, which contains e.g. frequencies or mobilities. This equation shows
the connection between thermodynamics and kinetics: The supersaturation as the
driving force is contained in the exponential term. The rate model developed by
Venables [36] adds non-linear terms for surface processes (Fig. 2.5), nucleation, and
growth. These processes are governed by energies, which appear in the exponentials,
and by frequencies and entropic pre-exponential factors. The equations can be plotted
in so-called Arrhenius plots. These plots then reveal the dominant factors in certain
temperature regimes.
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Figure 2.4: A schematic Arrhenius plot of the growth rate. The slope is a measure of the
activation energy. At low temperature the growth is reaction controlled, here with two different
activation energies. At intermediate temperature mass transport governs the growth rate, and at

high temperature desorption takes place and the growth rate drops. Drawn after [37].

In Figure 2.4, a schematic Arrhenius plot of the growth rate is shown. At very high
temperatures atoms tend to desorb, the growth rate drops. At intermediate
temperatures the growth rate is governed by mass transport and stays constant with
temperature. Ordinary epitaxial layer growth is performed in this temperature region.
At lower temperatures surface reactions control the growth rate, which decreases with
decreasing temperature. Nanowires are often grown in this temperature range, since
here, layer growth is suppressed.

2.2.2 Epitaxy

The word epitaxy has its origin in the Greek words "epi” (¢mt) meaning “above” and
“taxis” ( T0&lo) meaning “in an ordered manner”. It is a version of crystal growth
where arriving atoms are incorporated at certain positions on the surface in
relationship to the underlying crystal structure. Epitaxial growth is used to produce
high quality single crystal layers with low defect density for electrical, magnetic or
optical applications, which cannot be achieved otherwise [34]. Epitaxy of the same
material as the underlying substrate is denoted as homoepitaxy, whereas growth of
different materials on each other is called heteroepitaxy. For nanowires, the preferred
growth direction is <111>B, meaning the terminating layer consists of group V
atoms. To achieve nanowires vertically aligned to the substrate, substrates with
{111}B orientation are used.
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2.3 Surface Processes

When atoms arrive on a surface the following processes can occur (Fig. 2.5): Atoms
can adsorb (a) and desorp (b) later on. Once they are adsorbed, they can diffuse (c),
until they meet other atoms and form nuclei (d) or incorporate at energetically
favorable places such as step sites (e) or kink sites (f). Which of these processes happen
preferentially depends on the surface properties, i.e. the roughness and the surface
energy, the interaction between the substrate and adsorbate atoms, the temperature
and the supersaturation.

Figure 2.5: Processes on the substrate surface. a adsorption, b desorption, ¢ diffusion, d
nucleation, and incorporation e at an edge or fat a kink.

2.3.1 Surface and interface energies

The energy at an interface between two phases is in general higher than in the
volume, since bonds between atoms do not continue in the same way as they do in
the bulk. If one of the phases is vacuum, the term surface energy is used, but it is
commonly applied to any interface between solid and gas or liquid and gas,
respectively. Any body tries to minimize its energy, therefore surface areas are
minimized or, if that is not possible, surfaces with minimal surface energies are
preferentially formed. Spherical droplets formed by liquids are an example for the
first, facet formation of crystals for the latter, where planes with the least dangling
bonds represent larger areas of the surface. The way two materials combine depends
hence on their surface energies and their interface energy. The coverage of material A
by the material B, is determined by the relation of the surface energies 74, 75 and the
interface energy yup. If the formation of the interface and the surface B has a lower
energy than the surface of A, B will cover A completely:

Ya>Vap t7s (2.13)

This 2D growth is called Frank-Van der Merwe growth mode. If it is energetically
more favorable to expose more surface of A, than forming the interface and surface of
B (7, <y +7g) islands of B will grow, in the so-called Vollmer-Weber mode.
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If the energies are in the same order of magnitude, strain plays a role as well. In the
Stranski-Krastanov mode, a wetting layer is formed with islands on top, which
compensate for strain.

2.3.2 Surface diffusion

Surface diffusion is an important factor in crystal growth, since it is responsible for
parts of the material supply. How atoms move on a surface depends on the
interaction of free atoms with the surface atoms, i.e. in macroscopic terms the surface
energy, temperature, pressure, and availability of energetic sinks, such as steps and
kinks. An important measure is the diffusion length A,, which determines the distance
atoms can cover before they are incorporated or desorbed [38]:

A =Dz, (2.14)

where D is the surface diffusion coefficient and 7 is the mean time of residence of the
adatoms, both terms depend via Arrhenius-equations on the activation energies for
surface diffusion £, and desorption Ey,, respectively. So A, can be expressed as:

A = Ede: _Em’
T T r (2.15)

with # being the mean distance between two adsorption sites. In nanowire growth,
the diffusion length determines the collection area, i.e. the area from which atoms can
contribute to growth, and thereby the growth rate.

2.4 Size Effects

In nanowires, atomic level is not yet reached. To give an idea: a 50 nm thick and 1
pm long InP nanowire, for example, contains about 70 million atoms. The seed
particle contains 1-2 million atoms. A bilayer (layer of In and P atoms) in a nanowire
contains about 7000 atoms. Some definitions call this range therefore “mesoscopic”
[39], since it lies in between continuum and molecular effects. Still, the size has not
only an effect on the electronic and optical properties (as mentioned in the
Introduction), but also thermodynamically.

A crucial size effect is the increase of the surface-to-volume ratio with decreasing size.
Thus, the surface properties get a larger influence on the overall properties of the
particle. One important consequence is polytypism in nanowires. III/V materials —
except nitrides — crystallize in bulk in ZB, WZ is not stable. In nanowires, however,
depending on the growth conditions, WZ [40, 41] and even more polytypes such as
4H and 6H can be observed [30, 41-44]. This is due to WZ having lower surface
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energies than ZB, which is in this size range of larger importance than the higher bulk
energy [45-48]. Some reports show that the tendency to form WZ increases with
decreasing NW diameter [46, 49-52].

The curvature of a particle has a crucial effect on the vapor pressure, the melting
temperature and the phase diagram. On a convex surface (a large curvature, i.c. a
small radius), the atoms are more prone to desorption, since they have less bonds to
neighboring atoms. This leads to a dependency of the vapor pressure on the radius »

of the particle, which is described by the Gibbs-Thomson-effect:
p(r) = p,, exp(20Q/ 7£T) (2.16)

with p. being the vapor pressure above a flat surface, o is the surface energy density
and (2 the atomic volume.

The Gibbs-Thomson effect influences as well the growth rate of nanowires. As [53]
and [54] describe, the Gibbs-Thomson effect causes a decrease in growth rate with
NW diameter below a certain diameter, since the vapor pressure of growth species
increases, so less atoms enter the particle and the supersaturation is reached more
slowly.

For the same reason, the melting temperature is depressed with shrinking size [55] as
well as the solubility [56] of elements in each other, in general, phase boundaries in
phase diagrams are shifted to lower temperatures and lower solubilities [57]. Still, in
most cases, the threshold diameter, below which these effects become significant are
mostly a few nanometers. Furthermore, a surface starts to melt earlier than the bulk
[58]. Considering nanoparticles having a high surface-to-volume ratio, they are more
prone to premelting.

Anyway, one should be careful when one applies the terms of solid and liquid state in
this size regime. The small crystal can be seen as short-range ordered areas, which use
to appear in liquids as well. Brownian motion, diffusion and vapor pressure lead to a
quick exchange of atoms between two phases. So it is hard to distinguish between the
two states. Still, there are a number of examples, which show that there is a difference
in properties whereas a particle is solid or liquid [59-61].
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3 Fabrication Methods

In this chapter, the methods applied for nanowire fabrication are introduced.
Nanowires in our studies were grown by metal-organic vapor phase epitaxy
(MOVPE). This process is illustrated first, including growth system and precursors.
We use seed particles to grow nanowires. These particles can be generated and
deposited in several ways. Some of the most relevant are presented and explained
here.

3.1 Metal-organic Vapor Phase Epitaxy

MOVPE' is the most common method for growth of epitaxial layers in industry due
to its high throughput compared to molecular beam epitaxy (MBE) or chemical beam
epitaxy (CBE). However, the control of the process is complicated and not yet fully
understood (operators call it often a black box). The only detailed textbook on
MOVPE is written by G. Stringfellow [62] and is the source of most descriptions
here. The growth depends on parameters such as substrate temperature, chamber
pressure, molar fractions of the precursors, and their cracking efficiency and total gas
flow. Many of these parameters are interdependent in themselves. Nonetheless,
during the last four decades much development has taken place and the control of the
process is now on a high level. Still, every machine is unique and leads to slightly
different growth. In the next two subsections, the growth system will be explained,
and then the precursors are presented in detail.

' The name comes from the precursor molecules that are used in the process. These are metal-organic
compounds, where the metal (the growth species) is surrounded by organic functional groups. These
precursors are cracked in the growth reactor in a vapor phase. Other names are organometallic vapor-
phase epitaxy (OMVPE) or metal-organic chemical vapor deposition (MOCVD). We prefer MOVPE to

underline the epitaxial character of the growth.
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Figure 3.1: Schematic of a MOVPE system. Color coding of the valves: red valves are open and
blue are closed when the source is used, and vice versa when it is not in use. Pink valves are opened
when the source shall be fed to the reactor and the green valves are closed at the same time. Other-
wise the flow from the sources is led through the vent line to the exhaust [Courtesy of J. Bolinsson].

3.1.1 The growth system

The essential components of the MOVPE growth system are the reactor, the carrier
gas, the precursors, the heating and the plumbing system including the valve system
as well as the pressure and flow control.

The “heart” of the MOVPE system is the reactor. Here, the substrates are positioned,
the temperature is applied, the precursors are mixed and cracked, and eventually the
growth takes place. The carrier gas (H, or Ny, in our case H,) transporting the
precursor gases flows over the heated sample holder (susceptor) to the exhaust. At the
solid surfaces of the reactor (susceptor, sample, wall) the velocity of the gas is zero,
since the flow is laminar [63]. As a consequence of this boundary condition, a
stagnant boundary layer is built up above the susceptor, where the velocity of the flow
is decreased and the mass transport happens only by gas phase diffusion [63]. There
are several types of reactors, e.g. with horizontal or vertical flow direction; in this
work a cold wall horizontal reactor was used. The susceptor consists of an inert, high
temperature stable material such as graphite or refractory metals, and can be heated
by radio frequency, resistivity heating, or infrared lamps. A schematic outline of a
MOVPE system is given in Figure 3.1.
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The system can be operated at atmospheric or at lower pressure down to a few tens of
mbar. The total pressure influences the probability of parasitic reactions in the gas
phase, the thermodynamics of the growth, and the diffusion of the growth species.
The standard pressure of our systems is set to 100 mbar.

3.1.2 Precursors

The precursors are fed to the reactor in separate lines. Gas sources (often used for
group V materials) are provided from gas bottles. Metal-organic (MO) sources are
provided in so-called bubblers, which are kept at a certain temperature. A carrier gas
is led through the liquid or solid source material, thereby saturated with molecules.
The molar fraction fed to the reactor is then determined by the source flow, which is
controlled by mass-flow controllers (MFCs). In addition, for MO sources, the molar
fraction depends on the amount that is taken up by the carrier gas. It is determined
by the vapor pressure of the precursor, which is controlled by the temperature, and
the source pressure. The latter is controlled using electronic pressure controllers

(EPC).

Two types of precursors are used in MOVPE. MO sources can be used for providing
both group III and group V materials. Common group III sources are sources with
short alkyl groups, such as Trimethyl-Gallium (TMG), Triethyl-Gallium (TEG),
Trimethyl-Indium (TMI) or Trimethyl-Aluminum (TMA), amongst others. Typical
MO-sources for group V materials are Tertiabutyl-Phosphine (TBP) and Tertiabutyl-
Arsine (TBA). For group V materials, hydrides are often used instead, where the
group V atom is surrounded by three hydrogen atoms, such as AsH; or PHs.

The reason to use quite complicated molecules instead of direct evaporation of
elemental sources is the controllability and handling. The evaporation of pure
materials is difficult to govern, since they mostly have a high vapor pressure and low
melting points; i.e. the cracking of molecules at a confined place is more convenient,
even though the process is not yet completely understood.

The cracking, i.e. the dissociation of the precursors, occurs in multi-step reactions,
until the metal or group V atom is set free [64]. This process can happen
homogeneously, i.e. in the gas phase, or heterogeneously, i.e. on the substrate surface.
The latter is the preferred situation, since homogeneous pyrolysis would cause
parasitic reactions and the molecules would not end up in the growing crystals. The
cracking efficiency of the precursors is a crucial fa