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Abstract

In this thesis an efficient nanowire fabrication technique, called Aero-
taxy, is investigated. Traditional nanowire fabrication techniques in-
clude the use of a substrate as a point of nanowire nucleation which
limits the amount of nanowires that can be produced per unit time.
In contrary, Aerotaxy offers a continuous growth process, in the gas-
phase, which could substantially increase the rate at which nanowires
are fabricated and thus lower their fabrication cost.

Investigations of nanowire properties such as size, shape and crystal
structure, with electron microscopy, show that growth can be con-
trolled and tuned to a high degree. Optical properties investigated
with photoluminescence reveal that as-grown nanowires have good op-
tical properties and excellent spectral uniformity. Aerotaxy can thus
be used to produce high-quality nanowires, that could be integrated
into future opto-electronic devices, at a lower cost than other growth
techniques offer.
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1 Introduction

1.1 Nanotechnology

Nanotechnology is a field of science where the major disciplines chem-
istry, biology and physics have converged. By using knowledge and
techniques from these traditionally different parts of science entirely
new phenomena can be discovered, studied, understood and finally uti-
lized to improve everyday life. This thesis is written in the border-
land between physics and chemistry and methods developed in both
these fields are required to fabricate and study the nanostructures, also
known as nanowires, described in the following chapters.

Semiconductor nanowires present a new way of forming different ma-
terials commonly used for electronic, photovoltaic and light emitting
devices. Besides new ways of forming the material, nanowires also offer
new possibilities in controlling and tuning their physical and chemical
properties. Nanowires studied in this thesis are typically crystalline
and have a diameter below 100 nm and length around 1 pm. This
places them in a regime where small changes in size or shape can have
a large influence on the material properties.

The focus of this thesis is on an efficient fabrication method of these
small nanostructures. Besides fabricating them in an efficient way it is
also shown that their size, shape and crystal structure can be controlled
while also achieving good material properties.



Chapter 1 Introduction

1.2 Crystal Growth

Crystal growth is governed by thermodynamics and a systems’ strive
to reach equilibrium. In crystal growth at least two phases are present,
a supply phase and a crystal phase. A system is at equilibrium when
its Gibbs free energy (G) is at a minimum. The small change in G
that occurs when material (V) is added to a system is described by the
chemical potential () defined as:

e

= — 1.1
8NT,p ( )

7
The subscript T,p denotes that the temperature and pressure in the
system are kept constant. The difference in chemical potential between
the supply phase and the crystal phase determines whether a crystal
grows, dissipates or is in equilibrium with the supply phase. This dif-
ference, termed supersaturation (Au), can explicitly be written as:

Apise = s — e (1.2)
In equation 1.2 ps and p. denote the chemical potential of the supply
phase and the crystal phase respectively. Crystal growth is thermody-
namically allowed if the supersaturation A is positive, since a driving
force then exists for adding material to the crystal phase. A continu-
ous supply of material to the supply phase ensures continued crystal
growth as material incorporates into the crystal, i.e., a steady-state
condition is achieved. If no more material is supplied the supersatu-
ration would decrease, and the supply and crystal phase will at some
point reach equilibrium where no chemical potential difference exists
between them, i.e., Apg. = 0.

Even though thermodynamics govern the possibility of crystal growth
kinetic factors also play a crucial role in determining the final quality
and structure of the crystal. Kinetic factors control the rate at which
processes occur and a good example of a kinetic factor is the diffusion
of growth material on a crystal surface.



1.2 Crystal Growth

An atomistic model of crystal growth provides a complementary insight
for understanding the growth process. In this model the adatoms are
viewed as building blocks that incorporate into the crystal. In the
growth process, the adatoms are first supplied to the crystal surface by
a supersaturated supply phase. The adatoms can then diffuse on the
crystal surface and either incorporate into the crystal or desorb back
into the supply phase. In order for an adatom to be incorporated it has
to form a sufficient number of bonds to keep it from desorbing. Some
sites on the crystal surface will be more favorable for incorporation
than others. Incorporation preferentially occurs at atomic steps or
kinks where the possibility of several bonds exists. On an atomically
smooth surface incorporation can also take place once a nucleus has
formed. A nucleus can form if a sufficient number of adatoms bond to
make it stable.[1]






2 Overview of Growth and
Characterization Techniques

The following chapter intends to give a brief overview of the different
experimental techniques that have been used in this thesis. This in-
cludes descriptions of the nanowire growth setup as well as electron
microscopy and optical techniques used to determine material quality
and properties.

2.1 Nanowire Growth Setup

Three main ingredients are required in order to form nanowires:
1. The material constituents that build up the nanowire material.

2. An asymmetry that promotes the material constituents to form
in a one-dimensional manor.

3. Energy to allow for atomic rearrangements into the desired struc-
ture.

The material constituents can be provided either as atomic species (in
the form of single atoms or molecules containing a single atomic ele-
ment), which is used in physical growth techniques such as molecular
beam epitaxy (MBE) and laser ablation, or as precursors, which is used
in the present growth technique as well as in metal-organic vapor phase
epitaxy (MOVPE), chemical beam epitaxy and solution based nanowire
growth. Precursors are molecules where the material intended to be
incorporated into the nanowire is chemically bonded to one or more
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different atomic species that are not intended to be incorporated into
the nanowire.

An asymmetry to form nanowires can for example be provided by us-
ing a seed particle[2, 3] or an inert mask template[4]. When forming
crystalline nanowires one or both of these asymmetries will together
with differences in surface energy for different crystal faces give the
final one-dimensional structure.

Energy that allows for atomic rearrangements, as well as enhancing
chemical reactions, is usually provided in the form of heat. Heat can
be provided to only part of the growth system, for example a substrate,
using a cold wall reactor or to the entire growth system using a hot wall
reactor.

In the following sections details about the aerotaxy growth setup will be
given. The numbers that are given, for example flows and temperatures,
are specific for the growth experiments carried out in Paper I and later
presented in detail in chapter 3. All of these parameters can of course
be adapted to suit the experiment you want to perform and the results
you wish to achieve.

2.1.1 Aerosol Seed Particle Generation

An aerosol is a gas which contains suspended liquid or solid parti-
cles. The term includes both the gas and the particles but can also
be used to only describe the particles, neglecting the surrounding gas.
For nanowire growth Au is the most widely used and versatile seed
particle[5]. In order to generate an aerosol consisting of Au particles
an evaporation/condensation method can be used. A piece of Au is in
this case heated to between 1,750 and 1,850 °C and a flow of Ny carrier
gas transports the generated Au vapor away from the hot zone. Upon
cooling the Au vapor condensates to form primary particles which later
agglomerates into agglomerate particles.

After agglomerate formation the particles are charged to allow for size
filtering with a differential mobility analyzer (DMA). The DMA filters
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the particles according to their electrical mobility which depends on
their diameter and electrical charge, and the output particle diameter
can be tuned by varying the electric field inside the DMA. The diameter
of an agglomerate particle will depend on the particle shape and can
thus be the same even though the volume of Au is different, limiting
how narrow width distribution it is possible to achieve. In order to
improve this a setup with two DMAs can be used instead[6].

After size filtering the agglomerate particles are compacted, into spher-
ical particles, by passing through a sintering furnace set at a temper-
ature of 450 °C. A schematic summarizing the particle formation and
size filtering process can be seen in figure 2.1. This method has been
used to generate Au particles in the size range of 5-80 nm.

2.1.2 Aerotaxy Growth Reactor

A Ns carrier gas flow carries the particles and nanowires through the
growth system which operates at atmospheric pressure. Material for
the nanowire growth is supplied in the form of metal-organic molecules
and hydrides. The delivery system is schematically outlined together
with the particle formation system in figure2.1. For growth of GaAs
nanowires the precursor of choice for the group III atom is trimethylgal-
lium (TMGa) which consists of one Ga atom attached to three methyl
groups. The TMGa is supplied through a standard metal-organic bub-
bler which is held at a controlled temperature. By passing a carrier gas
flow of Hs through the bubbler some of the TMGa vapor is extracted.
The amount of carrier gas is controlled through a mass flow controller
(MFC). By changing the carrier gas flow or bubbler temperature the
amount of extracted TMGa can be varied. The group V atom is in the
case of GaAs supplied in the form of arsine which consists of one arsenic
atom and three hydrogen atoms. Arsine has a high vapor pressure and
can thus be supplied directly through a MFC without using a carrier
gas flow.

The precursor flows are mixed with the aerosol flow before entering the
growth reactor. The growth reactor itself consists of a sintered AlsOg
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Figure 2.1: Schematic outlining the Au particle formation and gas
injection system of the Aerotaxy growth setup. Au particles are gen-
erated by an evaporation/condensation method before they are size
filtered and compacted. The compacted spherical particles travels in
a Ny carrier gas to which TMGa and AsHjg is added before it enters
the growth reactor.

tube surrounded by a resistive heater and is thus a hot wall reactor.
The AlyOj3 tube is replaceable and different tube diameters can be used
in order to change the gas speed inside the reactor.

The flow pattern inside a reactor is important in order to predict and in-
terpret experimental results. A turbulent flow would for example result
in an unknown spread in residence time of the particles / nanowires. In
contrast to this a laminar flow offers a predictable flow pattern which
can be analyzed. An insight whether the flow inside the reactor is
laminar or turbulent is given by the Reynolds number:
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(2.1)

In equation 2.1 D is a typical length in the system, v is the mean gas
velocity, 7 is the dynamic viscosity and p,, is the mass density. For
the values given in table 2.1 Re = 38, which is typical for a CVD
system and well below the laminar to turbulent flow transition which
occurs at Re = 1200. A laminar flow inside the reactor means that
the flow velocity distribution is parabolic with a maximum value in
the center of the reactor and zero velocity at the reactor walls due to
viscous drag. This in turn means that a distribution in residence time
for each Au particle / nanowire can be expected. This results in a
built in length distribution of the grown nanowires in this type of
reactor setup.

Table 2.1: Values for calculating the Reynolds number of the aerotaxy
reactor

D(Reactor diameter) | 3.2-1072m
v 0.1m/s
n 3.7 - 1075 kg/ms
P 0.44 kg/m?

In order to understand whether the nanowires will interact with each
other during nanowire growth the mean free path (/) of a molecule in
the vapour can be compared to the distance between two nanowires
(L). In a typical epitaxy growth system this comparison is expressed
by the Knudsen number (Kn), defined as:

Kn=1/L (2.2)

In this expression L is usually taken as the distance between material
source and deposition substrate. If Kn > 1 growth takes place in the
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molecular regime, typical in for example MBE. For Kn < 0.01, which
is typical for CVD reactors, growth takes place in the fluid regime
where the vapour can be treated as a continuum and processes such as
diffusion are important. The mean free path [ is calculated through:

1
- V27ma2n

where a is the molecule diameter and n is the number of molecules per
unit volume. For ¢ = 0.3nm and n = 2.4 - 10* mes/m?3, | becomes
103nm. L could be taken as the distance between two adjacent seed
particles in the gas and since the aerosol contains 1 - 10'2 particles/m3,
the particle to particle distance is 1-10"%m. This gives Kn = 1 -
103 which is in the fluid regime. This means that synergetic effects,
which have been observed in certain substrate based nanowire growth
systems|[7], is not to be expected unless the total pressure is reduced or
the number of seed particles is increased. Except for synergetic effects
the distance between adjacent seed particles is important with respect
to precursor utilization. If the mean distance between each seed particle
is optimized with respect to the volume from which each nanowire col-
lects growth material, precursor utilization can be maximized. This is a
major difference compared to a MOVPE process where only precursors
traveling close to the substrate surface can decompose and incorporate
into the crystal. Taking this into consideration one can expect higher
precursor utilization in the aerotaxy process compared to MOVPE.

l (2.3)

The actual nanowire production capacity of the aerotaxy reactor in the
configuration presented above is about 1.0 - 10! nanowires/h . Com-
paring this to a research MOVPE tool, which has a 2” capacity and the
Au particles have been deposited at a density of 1 um™2, the aerotaxy
reactor can produce 50 times more nanowires per unit time [Paper IJ.

2.1.3 The Complete Aerotaxy Growth System

The entire aerotaxy growth system is outlined in figure 2.2. The dif-
ferent parts of the system are connected through stainless steal pipes

10
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and vacuum connections. After the growth reactor the aerosol can be
directed to either an electrometer which counts the amount of charge
in the aerosol or to a deposition chamber. The deposition chamber
contains a collector plate, where a substrate can be placed, connected
to a high voltage source. Once the voltage is turned on the charged
nanowires are deposited on the substrate.

Figure 2.2: Overview of the complete Aerotaxy growth system with
(1) Au agglomerate formation, (2) Au agglomerate size filtering, (3)
Au agglomerate compaction to spherical particles in a sintering fur-
nace, (4) nanowire growth after adding precursors to the aerosol and
(5) nanowire deposition on a substrate.

2.2 Electron Microscopy

The study of nanoscale objects require instruments with resolution be-
yond that of optical instruments such as the visible light microscope.
The image resolution of a light microscope is ultimately limited to ap-
proximately half the wavelength of the light used to form the image. In

11
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this case resolution describes the ability to separate two points through
a variation in image contrast. It can be noted however that visible light
can be used to study and determine object properties well beyond the
resolution of a light microscope by using for example Ellipsometry|8]
or spectroscopic techniques[9]. In those cases however no directly in-
terpretable image is formed and modeling must be used to extract the
object properties.

The electrons used in electron microscopes have a much shorter wave-
length compared to visible light. The electron wavelength is determined
by the acceleration voltage of the microscope and can vary from ap-
proximately 0.01 nm in a scanning electron microscope (SEM) to 0.002
nm in a transmission electron microscope (TEM). Since inter-atomic
distances are on the order of 0.2 nm in materials considered here, this
appears to be more than enough in order to resolve even the finest
details. Limitations in the image forming system will however impose
restrictions on how high resolution that can be achieved.

2.2.1 Transmission Electron Microscopy

In a TEM an electron beam is transmitted through a sample and in-
teractions between the electrons and the sample give rise to several
different image forming mechanisms. Besides the formation of an im-
age, a TEM can also provide chemical information if it is equipped
with analytical tools, for example X-ray Energy Dispersive Spectrom-
etry (XEDS). Before discussing the image formation in a TEM a brief
description of the actual instrument is given below.

Figure 2.3 shows a typical TEM column with indicated components.
The top of the column consists of an electron gun, in this case a Field
Emission Gun (FEG). This type of electron gun extracts electrons by
applying an intense electric field over a fine tip of ZrOs coated W. The
emitted electrons are then accelerated by a set high voltage, 300kV
in the microscope used. Once the electrons are accelerated they reach
the first set of electromagnetic lenses, called condenser lenses. These
lenses shape the electron beam either as a parallel beam, used in TEM

12



2.2 Electron Microscopy

mode, or as a fine probe, used in Scanning-TEM (STEM) mode. In
TEM mode the image is formed by the objective lens after the parallel
electron beam has gone through the specimen. Imperfections in the
objective lens, such as spherical aberration, set the limit for how high
resolution the microscope is capable of. The last major set of lenses are
the intermediate and projector lenses, which magnify the formed image
from the objective lens and projects it onto the viewing equipment,
such as a fluorescent screen or a CCD camera.

(a) JEOL 3000F (b) High voltage tank

Hllumination

Image formation

Projection

Figure 2.3: (a) Photo of the 300kV JEOL 3000F TEM in Lund (Image
courtesy of G. Karlsson). (b) Schematic of the TEM column with
some indicated components (courtesy of M. Ek).

Image formation in TEM depends on the interaction between the elec-
trons traveling down the column and the specimen. The electrons can
be considered as waves that have a certain amplitude and phase. In low
resolution imaging, i.e., images without atomic resolution, amplitude
contrast dominates. Amplitude contrast can be divided into mass-
thickness contrast and diffraction contrast. Mass-thickness contrast
originates, as the name implies, from a variation in mass and/or thick-
ness of the sample. Depending on the atomic number (mass) and the

13
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number of atoms an electron will interact with (thickness) the proba-
bility of the electron undergoing a scattering event will change. More
mass or more thickness will increase the amount off scattering and thus
produce darker areas in a bright-field image. Mass thickness contrast is
most important in amorphous and biological samples. Diffraction con-
trast appears for crystalline samples. A crystalline sample will diffract
the electrons at certain angles, in accordance with Bragg’s law, and
form a diffraction pattern consisting of multiple beams or spots. By
orienting the sample in such a way that only two of the beams are
excited, for example the direct 000 beam and the 111 beam, the area
of the sample where the Bragg condition is fulfilled will appear bright.
This can be used to obtain orientation specific information about the
sample.

Phase contrast imaging is used in order to obtain images with atomic
resolution. In this case multiple diffracted beams are usually used which
imposes restrictions on how the sample is oriented with regards to the
incoming electron beam. The sample must be oriented along a zone-axis
in order to fulfill the Bragg condition for several planes in the crystal.
Once the electrons enter the sample they interact with the potential
created by the atoms inside it which induces a phase shift of the electron
wave. An additional phase shift is then added by the microscope itself
where the main contributors, for a well aligned microscope, is spherical
aberration and defocus. If the phase shift between a diffracted and
non-diffracted electron is m they can interfere destructively and thus
give rise to a dark area in the formed image. This dark area would
then correspond to the volume of atoms in the sample which gave rise
to the original phase shift.

2.3 Photoluminescence

In photoluminescence (PL ) a sample is excited with light, usually from
a laser with a fixed wavelength above the bandgap of the studied ma-
terial, which creates electron-hole pairs also known as excitons. The

14



2.3 Photoluminescence

electrons and holes will, after excitation, recombine at a rate deter-
mined by the lifetime and amount of excess minority carriers. Before
recombination they can thermalize in order to reach lower energy states
and if most states are unoccupied they will thermalize to the band edge
(see figure 2.4). The recombination can either be radiative, which can
give information about the bandgap (Eg) or states lying close to the
bandgap, or non-radiative, which can occur through a series of mid-gap
defect or surface states. The PL peak position(s) and full width at half
maximum (FWHM) can give information on the purity of the studied
material or what type of defects that are present.

EAN

T hﬁaser hfsignal

17 N >

~\/

Figure 2.4: Schematic of the excitation and recombination processes
during a PL experiment. In this case light from a green laser (hfj,ser)
excites an electron-hole pair in the material which then thermalize
and recombine close to the band edge, emitting light of a longer
wavelength (hfggnal). We can note that the relation between the
photon energies follows hfjaser> hfgignal.
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3 Nanowire growth in an Aerosol

The following chapter starts with an introduction to particle assisted
nanowire growth based on the available knowledge from mainly sub-
strate based approaches. After this a detailed description and discus-
sion on the results obtained when growing nanowires with the Aerotaxy
technique is presented.

3.1 Particle Assisted Nanowire Growth

Particle assisted wire growth was first investigated in the 1960’s, by
using Au particles to form elongated Si crystals[10]. This early work
proposed a model for the growth behavior, termed Vapor-Liquid-Solid
(VLS), in which it is described that the seed particle, which is in a
liquid state, acts as a sink or catalyst for the growth species and is thus
able to promote one-directional growth. Although this model tried to
explain growth of wires measuring 100’s of pm’s up to mm’s in diameter
many of the concepts has been transferred into the nano-regime. VLS
can however not explain all instances of nanowire growth that have
been observed and some key issues that can not be explained are:

1. The particle should act as a sink which implies that it is at a lower
chemical potential (pparticle) than the supply phase (pvapor). How-
ever, in order for the one directional growth to take place pparticle
has to be larger than pgejiq since there should be a driving force
to precipitate material underneath the particle. This gives the
relation Pvapor > Pparticle > Hsolid Which implies the the super-
saturation and thus driving force for growth is largest between

17



Chapter 3 Nanowire growth in an Aerosol

the vapor and solid and not at the interface between particle and
solid.

2. Nanowire growth has been observed also in physical deposition
techniques, such as MBE[11], where no catalyst should be re-
quired to enhance chemical reactions.

3. The state of the particle has been observed to not always be
liquid[12, 13].

To overcome these issues it has been proposed that it is the nucleation
that is enhanced by the particle[14]. In this model the particle (which
can be liquid or solid) acts as a collector of material and there is an
enhanced nucleation rate at the boundary between the particle, vapor
and solid. Formation of a nucleus is equivalent to adding a new atomic
layer with a limited size at the particle-solid interface. The step that is
formed between the nucleus and the previous layer can then propagate
under the entire particle-solid interface by so called step-flow growth,
before the process repeats itself.

Recently further refinements of nanowire growth theory have been made
after experimental findings from in-situ TEM[15, 16, 17]. By observing
nanowire growth in real time a truncated facet at the vapor-particle-
solid interface has been found and nucleation should thus be considered
to take place as an extension of this truncated facet. Nucleation would
then occur at the particle-solid interface instead of the vapor-particle-
solid boundary. In addition to this an oscillating behavior of the facet,
directly related to the supersaturation in the droplet, indicates that
growth occurs in a step-flow process.

3.2 Aerotaxy

Most investigations of semiconductor nanowires have been performed
using a substrate as a base for the grown material. Substrate based
nanowire growth thus provides the foundation for understanding the
nanowire growth mechanism explored in the previous section. Although

18



3.2 Aerotaxy

gas phase growth of nanocrystals in general and nanowires in particular
have been less frequently reported in literature, several key technologi-
cal achievements have been made. Early work by Lieber et. al. showed
an impressive generality for the growth of different semiconductor ma-
terials in the gas phase from metal particles[18]. In this report laser
ablation, also termed Laser Catalytic Growth, of metal coated semicon-
ductor targets is used to produce nanowires with lengths exceeding 10’s
of pm’s and diameters varying from 3 to 30 nm. In this way nanowires
of the materials GaAs, GaP, InAs, InP, as well as InAsP and GaAsP
alloys along with several II-VI materials, and different SiGe alloys could
be fabricated.

The main drawbacks of previous nanowire gas phase growth techniques
has been the lack of control of nanowire diameter, length and shape and
the need for a substrate to provide the growth material. The nanowire
diameter is a critical parameter since it affects the electronic[19] and
optical[20] properties of the material. Previous studies of gas phase fab-
rication of semiconductor nanocrystals[21] and carbon nanotubes[22]
have shown that an aerosol based approach can both tune and narrow
the diameter range of the produced nanostructure.

3.2.1 Nucleation

Nucleation is one of the key issues when investigating gas phase nanowire
growth. It is however difficult to study separately since it is an inherent
part of the nanowire growth itself. As long as the same reactor furnace
is used for the nucleation and growth of the nanowires, studies of the
nucleation can only come from ex-situ TEM investigations. It is pos-
sible that parameters such as growth temperature and precursor flows
for optimal nucleation and nanowire growth are not the same, but due
to the nature of the process they are inevitably related.

Figure 3.1 shows three examples of TEM investigations of the nanowire
base. The base can vary from containing very few defects (figure 3.1a),
i.e., only a few stacking faults inclined from the growth direction, to
being partially poly-crystalline (figure 3.1b,c). Typically the nanowire
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base is most crystalline at low growth temperatures (<525 °C). At
higher temperatures the poly crystalline base is typically larger. This
could have several causes, for example a different size of the seed par-
ticle (which becomes supersaturated with Ga) or increased amount of
parasitic vapor-solid growth due to a lower kinetic barrier.

The nucleation process itself most likely starts by the supersaturation
of Ga in the Au particle. Some of this material is then precipitated on
the Au particle surface where it crystallizes in the presence of As. Since
there is no substrate or seed crystal to guide the crystallization the most
likely result is formation of a poly-crystalline material. At some point
there is however the chance that a <111> plane is generated and once
this forms the nanowire growth can proceed by formation of subsequent
<111> planes extending the nanowire in the <111> direction.

Figure 3.1: Three examples of TEM images showing the nanowire
base and how the crystallinity at the point of nucleation can vary.
(a) and (b) were nucleated at a temperature of 450 °C and (c) at a
temperature of 575 °C.
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3.2.2 Control of nanowire dimensions

By using the growth setup outlined in section 2.1 it is possible to con-
trol the nanowire diameter (figure 3.2). The diameter is set by the Au
particle size which is determined by the DMA which filters Au agglom-
erates of a certain size according to its applied voltage. The standard
deviation of the top diameter of the grown nanowires is between 5-10
nm but could be improved by for example adding a second DMA as
discussed in section 2.1.1.

Figure 3.2: Scanning electron microscope images of Aerotaxy grown
GaAs nanowires. (a-d) shows nanowires grown with 35- (a), 50- (b),
70- (c) and 120-nm (d) diameter Au agglomerates which result in
average nanowire top diameters of 30, 41, 51 and 66 nm, respectively.

Besides the diameter at the top, which is set by the Au particle, an
additional diameter variation along the nanowire length, known as ta-
pering, is caused by vapor-solid growth. This is material that is grown
on the nanowire side facets directly from the vapor, especially at higher
temperatures (see figure 3.3), and is a known issue also for substrate
based growth techniques. This effect can be reduced by tuning the
growth parameters or introducing a suitable etchant[23].

The nanowire growth rate increases exponentially with temperature
[Paper I] but saturates after 550 °C (see figure 3.3e). Interestingly the
growth rate does not decrease after this, which is reported for substrate
based nanowire growth[24], but maintains an almost constant value.
The difference originates in the use of a substrate on which parasitic
growth can take place. Similarly, parasitic growth can also occur in the
gas phase, forming particles, but since the particle-particle distance is
quite large (see section 2.1.2) this does not influence the growth rate
significantly at the investigated temperatures.
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Figure 3.3: Nanowires grown with 50 nm Au agglomerates at different
temperatures showing different amount of tapering and thus shape.
The furnace temperature was set at 450 (a), 500 (b), 550 (c¢) and
600 °C (d). (e) shows the nanowire length dependance on the growth
temperature.

In order to change the nanowire growth time the gas speed inside the
reactor should be different (for a given furnace length). It is possible
to change the gas speed either by changing the reactor tube diame-
ter, changing the total gas flow or changing the pressure. From these
options changing the reactor tube diameter has the smallest effect on
overall growth conditions (besides that it changes the growth time).
We have tried two different tube diameters, 18 and 32 mm, which give
approximate average growth times of 0.3 and 1 s (see figure 3.4). As
the nanowires spend longer time in the hot zone of the furnace more
time is available for them to elongate, as long as the precursors are not
depleted during growth.

Figure 3.4: Scanning electron microscope images of nanowires grown
with two different reactor tubes resulting in a growth time of approx-
imately 0.3 (a) and 1 s (b).
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3.2.3 Crystal structure

TEM images of nanowires grown at different temperatures is shown
in figure 3.5. At low growth temperatures (T < 525 °C) the grown
nanowires have a pure zinc-blende crystal structure without stacking
defects. As the temperature is increased beyond this the number of
stacking defects increase, which follows the same trend observed in sub-
strate nucleated VLS nanowires[25]. Detailed studies of the nanowire
growth direction also show that it coincides with the most prominent
growth direction of substrate based nanowires, <111>B [Paper I].

Figure 3.5: TEM images of nanowires grown at 450 (a), 500 (b), 550
(c) and 600 °C. As temperature increases the number of stacking
defects (in this case twin planes) also increases.
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3.2.4 Optical properties

The optical properties of a set of these nanowires has been investi-
gated using a PL setup (figure 3.6). The nanowires were grown at a
relatively high growth temperature (625 °C) in order to suppress car-
bon incorporation from the TMGa molecule. PL of nanowires grown
at lower temperatures often show luminescence below the bandgap of
GaAs which can be attributed to a reduction in bandgap caused by
non-intentional p-type doping of carbon. The PL contains a main peak
at 1.514 eV which corresponds to the known range of free and bound
excitons in GaAs (1.513-1.516 eV [26]). The average full width at half
maximum of 8 different measurements was 23 meV [Paper I] which is
comparable or better than GaAs nanowires grown on a Si substrate[27].
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Figure 3.6: Micro-PL measurements obtained from a single nanowire

and a 3 nanowire ensemble. The main peak is located at 1.514 eV

and the FWHM of 8 different nanowire ensembles is 23 meV. (a.u.
arbitrary units)
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4 Conclusions and Outlook

The results obtained in this thesis show that it is possible to effi-
ciently fabricate semiconductor nanowires of high quality using a gas
phase technique. Most importantly we showed that control of nanowire
size, shape and crystal structure is possible. The optical properties of
nanowires grown in the gas-phase is comparable to those obtained from
nanowires grown on a substrate, which is important for future integra-
tion of gas-phase nanowires in opto-electronic devices.

Currently there is a large effort on continued development both from a
material science and device integration perspective. Design of an im-
proved rector setup is crucial in order to reduce nanowire variations
and increase material yield. Extending the concept to more materi-
als besides GaAs as well as combining different materials in the same
nanowire by for example using sequential furnaces will be important
future goals. Device integration is certainly challenging since any opto-
electronic device would need alignment of the nanowires in order to
facilitate contact formation. This certainly ensures that research on
gas-phase nanowire growth and its applications will continue for many
years to come with hopefully new and exciting results.
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