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Chapter 1

Introduction

Today’s electronic device technology is largely based upon the miniturization of silicon
transistors. To further increase the performance, it is necessary to improve nanostructure
fabrication and to extend to other semiconductor materials. One interesting solution is to
grow semiconductor nanowires with the aid of a seed particle. A seed particle is a nano-
particle (5—500 nm in diameter) that selectively promotes growth of a crystalline semicon-
ductor, forming a nanowire structure beneath. Depending on what elements the particle
is supplied with, different semiconductors can be grown. The choice of semiconductor is
adapted per application, however the metal seed particle is almost always gold [1].

Gold has been found to be an excellent catalyst for growing nanowires, and often out-
performs other metals for fabrication of oriented and size selected nanowires [2]. However,
gold is also the most studied material, and by extending to alternative materials new possib-
ilities emerge. For example, alternative seed particle materials have been shown to provide:
better nucleation of GaSb nanowires [3], prone to nanowire growth in non-(1 1 1)B growth
directions [4, 5, 6, 7], nanowires with rare crystal structures [8] and to beneficially incor-
porate as a dopant [9]. This is an advantage compared to gold, which may unintentionally
incorporate into Si [10, 11, 12] and other semiconductors [13], where it may deteriorate the
electronic properties [14, 15] of the semiconductor device. Hence, research on alternative
seed particles will provide an extra degree of freedom when designing nanowire devices and
studying the mechanism surrounding particle-assisted growth.

The focus of this work is the development of alternative seed particles and how the nanowire
properties are affected by the particle properties. The most commonly used methods for
generating seed particles are by: annealing of thin films, dispersion of colloidal solutions [16]
and lithography methods that provides excellent size and position control. However, these
processes often involve chemical processes that may contaminate the seed particle, substrate



surface and even the fabricated nanowire. In this work a less conventional method is used,
where aerosol nanoparticles are generated by a spark discharge generator (SDG), known to
produce pristine particles with a high particle size control [17]. The SDG generates aerosol
particles by electric ablation between two electrodes, forming agglomerated nanoparticles.
The agglomerates are thermally compacted in a tube furnace and deposited with a con-
trolled size and particle density on substrates. The nanoparticle decorated substrates are
inserted in a metal-organic vapor-phase epitaxy (MOVPE) machine, where nanowires are
grown from the seed particles. By varying growth parameters such as growth temperature
and the supply of material, the nanowire properties are affected. The effects are mainly
characterised by electron microscopy, namely scanning electron microscopy (SEM) and
transmission electron microscopy (TEM).

The results presented in the thesis are separated into two parts, first the development of aer-
osol nanoparticles, and second the growth of nanowires from mentioned particles. The de-
velopment of nanoparticles treats a compaction study, where Au, Pd and Co nanoparticles
are compacted thermally at different temperatures. Furthermore, we present how hydro-
gen present at particle generation may effect the compaction. Gallium arsenide (GaAs)
nanowires grown from Pd nanoparticles are presented. The focus is on how growth set-
tings can affect nanowire morphology and a discussion around the particle phase.

1 Thesis outline

The thesis is based on two papers, Paper I - Hydrogen assisted compaction of spark discharge
generated nanoparticles' and Paper II - Pd seeded GaAs nanowires?

Chapter 2 Aerosols are airborne particles and in order to generate, reshape, measure and
deposit particles of various elemental composition and size, a series of instruments is re-
quired.

Chapter3  With electron microscopy it is possible to resolve nanoparticles and nanowires.
Depending on the sample and instrument different signals and imaging modes are used,
resulting in different sample information.

Chapter 4 Nanowires are highly symmetric structures due to their crystal structure. They
are grown layer-by-layer with epitaxy and are guided by a particle. The particle/substrate
interface acts as a preferred precipitation site for dissolved material.

'Manuscript draft
2Published work



Chapter 5 Nanoparticles are compacted thermally, and the aerosol carrier gas composi-
tion can affect the compaction behaviour, (paper I).

Chapter 6 Palladium nanoparticles have been used to grow gallium arsenide (GaAs)
nanowires. The concept of growth parameters is introduced and paper II is summarised.

Chapter 7 The current particle development is summarised and upcoming hurdles are
treated. Particles are used in nanowire growth, and future plans are centred around the role

of the particle phase.






Chapter 2

Aerosol production

A spark discharge generator (SDG) is used to produce aerosol nanoparticles for nanowire
growth. The SDG uses an electrical discharge between electrodes to locally evaporate ma-
terial, forming a supersaturated vapor that rapidly condenses into nanoparticles. The path
from an initial vapor cloud to deposited nanoparticles is a journey involving interesting
physics and instruments that are covered in this chapter. First comes an overview of the
aerosol generation and characterization set-up used in this work, followed by a more de-
tailed description of the parts of the system.

1 Instrumental set-up

The set-up (figure 2.1) consists of: aSDG, a 63N radioactive charge neutralizer, two tandem
differential mobility analyzers (DMAs), a tube furnace, an electrometer and an electrostatic
precipitator (ESP). The gas handling is handled with seven mass-flow controllers (MFCs):
two for the input of carrier gas, four for the sheath flow of the two DMAs, and one for the
system exhaust. The exhaust consists of a particle filter and a rotary pump, used to control
the pressure of the system. The system is a medium vacuum system capable of reaching
< 10 mbar but is typically operated at atmospheric pressure.

2 Mass flow controller

A MFC is a device used to measure and control the flow of a gas (or liquid). A thermal MFC
divides the gas into two laminar flows, with the smaller flow guided through a capillary
sensor device. The sensor is equipped with two thermometers used to measure an increase
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Figure 2.1: The carrier gas of the aerosol system is controlled by two mass flow controllers (MFCs), connected to different gas
sources (e.g. Nj, H,). Aerosol particles are generated in a spark discharge generator (SDG), forming agglomerate
nanoparticles transported by the carrier gas. A charge neutraliser enables size-sorting with two differential mobility
analyzers (DMAs), separated by a sintering furnace, used for reshaping of nanoparticles by thermal compaction.
Finally, an electrometer is used to measure the particle concentration and an electrostatic precipitator (ESP) to deposit
particles.

in gas temperature after heating. The temperature difference A7'is proportional to the heat
capacity per mole at constant pressure ¢, the flow Q and a proportionality constant B [18,

p-312-315].

AT = Be,Q

For a calibrated MFC, Band ¢, are known for the specific gas composition, and the flow can
be adjusted by changing a pressure valve. The pressure valve maintains a pressure gradient
over the MFC, throttling the flow. The total flow range is limited for an MFC, and they
are specified to function in a specific range, e.g. 0 — 5 sccm or 0 — 200 sccm. However,
they are most accurate within the range of 10 —90% of their maximum flow [18, p.312-315].

3 Spark discharge generator

Spark discharges have been used since 1988 to produce aerosols of monodisperse gold and
carbon nanoparticles [19]. Since then, the technology has matured [20] and found its way
into several fields, including, medicine and health, environmental science, and materials
science [17]. The number of different materials produced has expanded greatly, and covers
a wide variety of metals [19], alloys [21, 22, 23], semiconductors [24], and metal oxides [25].

The SDG consists of two components: a chamber housing the electrodes and an electrical
circuit to provide energy for spark discharge between the electrodes.



3.1 Electrical circuit

The electrical circuit, consists of a power source, a capacitor and two electrodes acting
as a high voltage switch, see figure 2.2. The power supply charges the capacitor with a
capacitance C, gradually increasing the bias V over the electrodes. Eventually Vexceeds the
breakdown voltage Vg, and an electrical discharge occurs with an energy E proportional to
Vi. Furthermore, the energy is proportional to the mass of evaporated material and will
affect the formed particle distribution [19, 26].

E=0.5CV;

To produce a stable concentration of particles it is important that V}, and the supplied
current to the capacitor are kept constant, otherwise the frequency and energy of the sparks
will vary. According to Paschen’s law, V), is also affected by the electrode distance, the gas
composition and the pressure [27, p. 333-339]. Therefore, the electrode distance has to be
adjusted as material is evaporated over time [28].

Power
supply [ —

Figure 2.2: An RLC circuit makes up the electrical system of the SDG. A power supply charges a capacitor C that builds up a
voltage V over the electrodes. Inductance L and resistance R of the cables makes the circuit non-ideal.

A new, more advanced set-up [29] (not used in this work) avoids variations in spark en-
ergy by not relying on the breakdown voltage to trigger the discharge. Instead there is a
continuous glow-discharge between the electrodes, and high voltage switches are used to
deliver sparks of controllable energy and frequency. Furthermore, this increases the energy
efficiency and the maximum spark frequency [20].

3.2 Spark discharge

The SDG chamber consists of two electrodes, separated by a controllable gap distance in
the millimetre range. A carrier gas flows between the two electrodes and transports the
vapor and formed aerosol particles away from the electrodes, see figure 2.3.
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Figure 2.3: During a spark discharge event, material is evaporated, forming a vapor that is quenched rapidly in the carrier gas
and forms singlets. Singlets grow by coalescence into spherical primary particles, which are too big to coalesce, and
instead form agglomerates.

During a spark discharge event, a plasma channel forms between the two electrodes, which
locally superheats and evaporates material at temperatures above 20 000 K [30]. The evap-
orated material is cooled rapidly, forming a highly supersaturated vapor [30, 31]. As a result,
homogeneous nucleation of atomic clusters referred to as singlets occurs. Due to the small
size of singlets they grow by coalescence, merging into larger spherical particles [32]. After
reaching a critical size the particles do not fully coalesce, and further growth occurs by ag-
glomeration [33]. This forms highly fractal agglomerate nanoparticles, consisting of smaller
primary particles. Two primary particles only partially merge, forming a joint volume re-
ferred to as a necking region, which grows faster for particles with clean surfaces [34].

4 Size control

To produce spherical nanoparticles of a controlled size it is necessary to compact (see sec-
tion 5 and chapter 5) the agglomerated nanoparticles and to size-select the nanoparticles in
the aerosol phase. Size selection is done by classifying particles according to their electrical
mobility diameter, and compaction is done by sintering the particles in a tube furnace.

4.1 Electrical mobility

The particles are non-uniformly charged during generation, and therefore a ®*Ni radio-
active foil is used to generate bipolar ions that redistributes the aerosol particle charges by
collisions, eventually forming particles with a near Gaussian distribution of charges [35].
The smaller nanoparticles are more difficult to charge due to their smaller cross-sectional
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area. For particles in the range of 20 — 100 nm, a majority of the particles are either
singly charged or uncharged (~ 100 — 80 %), whereas multiply charged particles are in a
minority (~ 0.03 — 10 %) [36]. A singly charged spherical particle of diameter 4, can be
described according to its electrical mobility Z, according to Stokes’ law [37].

B neC}l
C Bapd

Where ne is the particle charge, C, the Cunningham slip correction factor and x the gas
viscosity. For singly charged spherical particles, the mobility diameter is equal to the geo-
metric diameter. However, for non-spherical nanoparticles the two will differ, depending
on the particle shape and orientation in relation to the electric field. Therefore, an ag-
glomerate nanoparticle of fixed volume will have a different mobility diameter depending
on shape, where the smallest mobility diameter typically corresponds to the most compact
shape. An exception is elongated particles, where the mobility diameter strongly depend
on particle orientation.

4.2 Differential mobility analyzer

A differential mobility analyzer (DMA) is a common instrument in aerosol physics to size-
select aerosols by their electrical mobility. A DMA consists of a grounded cylinder with a
central rod, separated by a sheath gas flow, aligned parallel to the cylinder. The rod is biased
with respect to the cylinder wall, forming an electric field perpendicular to the sheath flow.
The particles travel with the sheath flow and are displaced by the electric field. Depending
on their electrical mobility diameter, the particles are either: collected by the rod or cylinder
wall, or exit through a slit or sheath flow. By first using the charge neutralizer, mainly
singly charged particles enter the DMA, and only particles of the selected size and polarity
can exit through the slit. An increase in electric field strength results in larger particles
exiting the slit, and by inverting the applied bias between the central rod and the cylinder
wall, also the selected particle polarity is inverted.

s Thermal compaction

For nanoparticle applications highly uniform and well characterized nanoparticles are often
preferred. To achieve this it is necessary to compact agglomerates into well-defined spherical
nanoparticles, where the size and material properties can be measured and used to predict
the particle properties. One common method of compaction is to sinter the particles,
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subjecting them to a high temperature that increases the rate of solid diffusion. With an
increase in diffusion, matter can rearrange and form more energetically favorable structures
or phases. Diffusion can in turn be divided into bulk, grain boundary and surface diffusion,
whereof surface diffusion is typically the fastest [38]. Furthermore, the small size and low
fractal dimensions of agglomerates further promote surface effects.

The compaction of agglomerate nanoparticles is driven by a minimisation of surface ener-
gies. It has been proposed that this occurs by either a reconstruction of primary particles
or by coalescence of primary particles [34]. During reconstruction, the primary particle
size is the same but the total surface area can be minimized by clustering, forming a more
condensed particle [34]. Coalescence on the other hand, decreases the total surface area by
merging primary particles, forming fewer larger primary particles [39].

During thermal compaction of aerosol nanoparticles, three steps can typically be identified
from the sintering curves (see chapter 5 figure 5.1): compaction, internal rearrangement and
finally evaporation [40]. At low temperatures the material compacts with increasing tem-
perature. At 30 — 60 % of the bulk melting point (in Kelvin) a maximum compaction is
typically reached, i.e. where no more decrease in diameter occurs, after which only internal
rearrangement occurs. During this rearrangement the crystal structure changes and new
facets may form [34, 41], sometimes without actual melting occuring. At very high tem-
peratures, evaporation can be significant as the vapor pressure increases with temperature.

By reaching a spherical shape the surface to volume ratio is minimized, resulting in a re-
duction of total energy. If different facets have very dissimilar surface energies, the corres-
ponding facet areas will also be dissimilar, resulting in an anisotropic particle, as described
by the Wullff’s theorem.

AG; = Zyjoj
j=1

To minimize the Gibbs free energy AG; the sum of the product of surface energies v; and
their respective surface area O; should be minimized. This effect mainly occurs at high
sintering temperatures, when the particle is already fully compacted and the total surface
area is close to minimized.

6 Electrometer

An electrometer is used to measure the particle concentration at the outlet of the system.
To measure the concentration it collects the nanoparticles and a current is generated as a

12



result of the particle charge. Assuming the particles are singly charged and the gas flow is
known, the sensitivity of the TSI aerosol electrometer 3068B used corresponds to &= 6250
particles per second. Therefore, an electrometer is an excellent method of measuring the
particle concentration for the SDG, which generates 10® — 10 size-selected particles per
second.

7 Electrostatic precipitator

The electrostatic precipitator (ESP) is used to collect particles on a substrate. This is done by
placing the substrate on a metal plate, which collects the nanoparticles with an applied bias
of 2 —10 kV. Particles enter the ESP from above and perpendicular to the substrate. As the
particles travel across the substrate they are collected by the electric field uniformly within a
deposition spot. Small particles have a higher electrical mobility, hence they are deposited in
a smaller spot than large particles. By decreasing the applied bias or increasing the distance
between the metal plate and the ESP inlet, the spot-size diameter can be increased. Finally,
the deposited particle density is estimated from the carrier gas flow, particle concentration,
spot-size and deposition time.

13






Chapter 3

Electron microscopy

An electron microscope uses a beam of electrons that by interacting with a sample gener-
ates detectable and interpretable signals. In this work, scanning electron microscopy (SEM)
was used to image the morphology of nanoparticles and nanowires on semiconductor sub-
strates, and transmission electron microscopy (TEM) to determine the crystal structure,
morphology and composition of nanoparticles and nanowires. This chapter covers why
electrons provide a good source for illumination, how the sample is illuminated and the
different imaging techniques used in this work.

1  Resolution

Electron microscopes were first developed to bypass the fundamental resolution limit of
conventional visible-light microscopy, which is the Rayleigh criterion. The Rayleigh cri-
terion states that due to diffraction the smallest resolvable distance o between two objects
is inversely proportional to the wavelength. For a typical conventional visible light micro-
scope this limits the resolution to roughly half the wavelength \;;,./2 ~ 200 nm, whereas
it for an electron microscope limits the resolution first at the picometer scale. This comes
from the small de-Broglie wavelength A of a high energy ¢V electron with the effective mass
my.

\ = h
\/2moeV(l + eV/2myc?)

However, due to other limiting factors an electron microscope does not reach the diffraction
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limit. In a transmission electron microscope (TEM) the resolution is limited by aberrations
of the electromagnetic lenses used to focus the electron beam. For a scanning electron
microscope (SEM) the resolution is limited by the spread of the electron beam inside the
sample, elaborated upon in section 3.

2 Illumination system

A field emission gun (FEG) (figure 3.1) is an electron source with a very sharp tip that is
biased with respect to a primary anode, responsible for extracting electrons. A secondary
anode, or a series of secondary anodes further accelerates the electrons with an acceleration
voltage V; resulting in electrons with the energy eV. Together, the anodes function as an
electrostatic lens, focusing the electrons into a crossover, acting as a virtual light-source. [42,
p-73-81]. In this work two different FEG equipped microscopes have been used, a 15 keV
Hitachi SU8oo0o SEM and a 300 keV JEOL 3000F TEM.

Optic axis

FEG tip
1:st anode

Electron cross
over

Figure 3.1: Schematics of a field emission gun (FEG). The first anode extracts electrons from the sharp tip with a bias v, which
are accelerated by the secondary anode(s) with the bias V. The combined field of the anodes forms a fine crossover
of electrons.

The incident beam that interacts with the sample is operated in one of two modes. Either
the beam is broad, nearly parallel and illuminates a larger area of the sample, or the beam
is narrow, converged and has to be scanned across the sample. Switching between the two
modes is done by focusing the electron beam with a series of condenser lenses, situated
between the electron gun and the sample.
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3 Detectable signals

An incident electron that interacts with a sample results in several detectable signals, see
figure 3.2. Some of the signals, such as backscattered electrons and cathodoluminesence
are not essential for this work and are excluded from further discussion. However, signals
marked in bold are described below. For a thin sample as in figure 3.2 the beam is trans-
mitted through the sample and the emitted signals are localised to the illuminated area.
However, for very thick samples used in for example SEM, the beam widens as it enters
the sample. This results in that the signals originate from a larger volume referred to as the
excitation volume, and often limits the spatial resolution of the specific signal type.

Excluded signals  Incident electron beam Included signals

Backscattered electrons Secondary electrons

Auger electrons

Bremsstrahlung Characteristic X-rays
Cathodoluminescence <— \ /
| Sample |
Forward inelastic Forward elastic
scattered electrons v scattered electrons

Direct electron beam

Figure 3.2: Schematics of the different signals generated when a high energy electron beam interacts with a thin sample

Secondary electrons are low energy electrons (< 50 eV) generated from primary radiation,
i.e. the incident or scattered electron beam, that interacts with the sample. Due to the low
energy of secondary electrons they can only penetrate a few nanometers in bulk materials
and contribute to a high resolution signal. The low escape depth results in that only sec-
ondary electrons generated in a close-proximity to a surface are emitted, and can reach the
detector. The secondary electrons are detected by a positively biased secondary electron
detector, that effectively attracts and collects secondary electrons. The detector can also be
used as a complementary signal in scanning transmission electron microscopy (STEM), to
provide topological information.

Characteristic x-rays originate from transitions between different electronic energy levels of
an atom. Transitions occur after an inner electron has been ejected by the incident beam.
As the electronic structure differs between elements the emission spectrum is elemental
specific and can be used to identify and quantify elements in a SEM or TEM equipped
with an energy dispersive x-ray (EDX) detector. The detector is coupled to spectral analysis
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software that: identifies elements, deconvolve overlapping peaks and quantifies elements.
Elements are identified by comparing the detected spectra to the expected spectrum for
different elements. The relative positions and intensities of different electronic transitions
are known, and therefore it is possible to deconvolve overlapping peaks and to quantify the
composition.

The incident electron beam is almost fully transmitted through the very thin TEM sample
(< 100 nm) and a majority of the electrons are unaffected (direct beam) or scatter elastically
with the sample. For low scattering angles (< ~ 10°) the scattered electrons are usually
coherent with the direct beam. Electrons that have lost energy are referred to as inelastic
scattered electrons and typically scatter incoherently at low angles (< 1°).

4 Imaging modes

The imaging modes used in this work include high resolution TEM, (selective area) dif-
fraction and SEM.

4.1 High resolution TEM

High resolution TEM mode is operated with a broad and parallel beam. Due to the wave
properties of electrons, an objective lens situated beneath the sample can form an image
and/or diffraction pattern of the illuminated area. The contrast in a high resolution TEM
image is primarily made up from phase-contrast.

When electrons propagate through matter, their phase in relation to electrons propagating
through vacuum shifts. For an image consisting of primarily coherent electrons, the phase
shift will contribute to an interpretable contrast. However, this is only true if the phase shift
is small, which is true for thin structures within the resolution limit of the microscope.

4.2 Selective area diffraction

A requirement for high resolution imaging and diffraction pattern imaging is a crystalline
sample that is tilted along a zone axis (crystallographic orientation). A crystal oriented
along a zone axis will have atomic planes ordered perpendicular to the incident beam dir-
ection. The Bragg condition is fulfilled for the aligned set of planes hk/, where b, k and
[ are Miller indices that describes the orthogonal direction of the plane. Therefore, con-
structive interference occurs when the product 2dj,sin(f) equals an integer number of
electron wavelengths, z\, where 0 is the angle between the incident beam (or exit beam)
and reflection plane.

18



n\ = Zdhk[ sin(é?)

An aperture is used to limit from where on the sample the diffraction pattern is created.
When using such an aperture, a selective-area diffraction pattern (SADP) is acquired.

The reciprocal lattice of a crystal is imaged when viewing the diffraction pattern or the
fast-fourier transform (FFT) of a high resolution image. Each spot in the reciprocal lattice
corresponds to a set of planes that fulfils the Bragg condition. In reciprocal space, a distance
7 between spots corresponds to a repeating pattern with the frequency 1/7. The angle
between two reflection spots, ¢ is equal to the angle between two set of crystal planes, and
be used to describe and determine directions in reciprocal space. By comparing the angles
and relative distances between spots to literature, the crystal structure can be determined.

4.3 Scanning electron microscopy

In scanning electron microscopy (SEM) and scanning transmission electron microscopy
(STEM), a small area is illuminated with a focused narrow beam (~ 0.1 — 5 nm). An
image of the sample is constructed by scanning the beam across an array of positions and
correlating the signal to a pixel in the image. In this thesis, SEM has been used to image
the secondary electron emission of the sample, providing topological information. Fur-
thermore, STEM has been used to spatially control the emission of characteristic x-rays,
providing elemental composition from controlled areas.
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Chapter 4

Nanowires

Nanowires are high-aspect ratio structures with nanometer scale diameters and micrometer
scale length. Fabrication of nanowires can be done by two different approaches, top-down
or bottom-up. With a top-down approach nanostructures are fabricated by selectively etch-
ing a bulk substrate, removing unwanted material. This is a wasteful method that is lim-
ited to the material available in bulk form and how anisotropic the etching process is. A
bottom-up approach is a less wasteful method, where nanowires are built up layer-by-layer
with atomic precision on a suitable substrate. Performed on a crystalline substrate, this is
referred to as epitaxial growth, and is this method enables the fabrication of materials with
extreme aspect ratios. As the material of a grown structure is not defined by a bulk sample it
is a versatile method, capable of fabricating structures of varying compositions and crystal
structures - not necessarily available in bulk form.

This chapter first introduces the concept of crystal structure and epitaxy. Therafter, metal
organic vapor phase epitaxy (MOVPE) and the role of precursor molecules are presented.
Finally particle assisted growth is explained as transport of atoms from precursor molecules
to the nanowire/nanoparticle interface. We will focus on a description where growth takes
place in a kinetically limited regime and the barrier for nucleation is the lowest at the
nanoparticle/nanowire interface.

1 Crystal structure

The definition of a crystalline material is a solid material with a long-range order. By using
known symmetries of a crystal structure, it is possible to extrapolate the position of every
bulk atom of said crystal.
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1.1 Unit cell

The unit cell of a crystal structure is the smallest possible volume that stacked repeatedly
forms an infinitely large single crystal. For semiconductors two common crystal structures
are cubic zinc blende (ZB) and hexagonal wurtzite (WZ). Zinc blende consists of two
interconnected face-centered cubic (fcc) lattices that are displaced relative to each other by
(» - %) unit cell. Similarly, wurtzite consists of two hexagonal close-packed (hcp) lattices,
displaced by (0, 0,0, 1) unit cell.

1.2 Close packed direction

A close packed direction is defined as the direction in which the atomic distances are the
smallest. For ZB these are (11 1) and for WZ the (000 1) directions. In figure 4.1, ZB
and WZ are viewed with a close packed direction pointing upwards in the figure.

The bilayer is the smallest repetitive unit, consisting of a monolayer of group III atoms and
a monolayer of group V atoms. The first bilayer is denoted A and the second B. However,
the third bilayer may either be A or C, depending whether - it is translated in respect to the
first bilayer. The periodicity of these layers is referred to as a packing sequence, and is used
to discern polytypes of close packed structures. For example, ZB has a ABC stacking and
WZ has a AB stacking. Additional polytypes of higher orders includes 4H (ABCB) and
6H (ABCACB), but are increasingly rare.

Zinc blende (ABC) Wurtzite (AB)

Figure 4.1: Two types of close packing, cubic close packed zinc blende requires three bilayers to form a repetitive unit (ABC).
The hexagonal close packed wurtzite requires only two (AB).

2 Epitaxy

Epitaxy comes from the greek words, epi (upon) and zaxis (order), and refers to the growth
of a crystalline layer on top of a crystalline substrate. Homoepitaxy is the simplest form of
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epitaxy, where both the substrate and crystalline layer are of the same material and crystal
structure. Heteroepitaxy combines two different materials and crystal structures, which is
more complicated as differences in lattice parameters will create strain at the interface of
the two structures. This can in turn result in structural defects, such as dislocations [43].

The supply phase is versatile in epitaxy, and vapor, liquid and solid phase epitaxy are all
well developed techniques for growing semiconductor crystals. However, the focus of this
work is upon vapor phase epitaxy. Vapor phase epitaxy is divided into physical vapor de-
position (PVD) and chemical-vapor deposition (CVD). A prominent technique within
PVD is molecular-beam epitaxy (MBE), performed in a high-vacuum atmosphere. Main
advantages include; in-situ characterisation and the ability to deposit epitaxial metal films
in-situ at cryogenic temperatures [44]. However, it is a slow process in comparison to metal
organic vapor-phase epitaxy (MOVPE) used in this work, which is used for industrial ap-
plications. MOVPE is an example of a CVD technique where metal organic precursors
and hydride sources deposit material that can only be incorporated afer chemical processes
that takes place in close proximity to the sample [43].

2.1 Metal organic vapor phase epitaxy (MOVPE)

The MOCVD system used in this thesis work is an AIXTRON 3x2” close coupled shower-
head (CCS) MOCVD reactor, see figure 4.2. Hydrogen is used as a carrier gas, supplying
metal organic precursors and hydrides to the reactor zone. Furthermore, the metal organic
precursor gas lines are equipped with EPISON controllers that further increases the preci-
sion of the precursor flows. For purging of the system, high purity nitrogen (99.999 %) is
used - required before opening the system for sample exchange.

Inside the reactor, samples are resting upon a heated graphite susceptor, and the precursors
are injected separately at a close proximity from the sample. In order to improve the ho-
mogeneity of the gas flow the susceptor rotates. The total pressure P, is set to 100 mbar
and the total flow Qy,; to 8 slm but is variable.

2.2 Precursors

Two types of precursors are used in MOVPE, metal organic (MO) precursors and hydride
sources. The MO sources are stored in bubblers situated in separate temperature controlled
water-glycol baths. As the bubbler temperature 7is well controlled, so is the equilibrium
vapor pressure P10 of the precursor. A majority of the sources are liquid resulting in a
highly controlled vapor pressure by tuning the temperature and pressure. For trimethyl-
gallium (TMG) the vapor pressure of is described by the function plotted in figure 4.3, and
is an important property used to control the available material for growth.
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Figure 4.2: Schematics of a CCS MOCVD system: MO sources are situated in bubblers, wheras hydrides are stored in gas bottles.
The carrier gas H, transports the precursors to the close coupled showerhead (CCS) reactor, and the gases are mixed
in close proximity to the samples on the heated susceptor.
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Group V precursors are often hydrides, and are more labile than organic precursors, res-
ulting in a much higher vapor pressure. The vapor pressure is high enough for them to

. . P, . .
be stored in gas bottles. Therefore, the saturation term —22 is 1 for hydrides and the
& Py Yy
expression is simplified.

PHyd . QHyd
Ptot Qtot

3 Precursor decomposition

Decomposition is a type of reaction where a molecule divides into simpler parts; a reaction
where bonds are broken as a result of a high energy collision. By increasing the pressure and
temperature the molecules in a gas move faster, resulting in an increase of collisions with
sufficient kinetic energy to decompose a molecule. Moreover, by reducing the bond energy
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Figure 4.3: Vapor pressure of TMG in the interval —20 to 40 °C.

the required kinetic energy is reduced [45, p. 559-563]. This serves as a first approximation to
describe why the rate of precursor decomposition increases: with temperature and pressure,
by catalytic effects (from surfaces and other molecules) as well as for more labile precursors.

The decomposition of TMG and AsH3 is mainly heterogeneous at lower growth temeper-
atures. Studies on GaAs growth in MOCVD have shown that TMG and AsH3 start to
decompose at 325 °C and are fully decomposed at 480 °C and 525 °C respectively. How-
ever, both precursors fully decompose at temperatures below 450 °C when together [46].
In addition, as chemistry of surfaces may catalyse the decomposition, different facets and
materials are believed to further increase decomposition.

MOCVD growth is divided into either kinetic or mass transport limited growth. For kin-
etically limited growth, the growth rate is limited by thermally activated reaction such as
decomposition or nucleation. As the reactions are thermally activated their rate increases
with temperature. At higher temperatures, kinetic effects are less important and growth is
limited by the diffusion of material (mass-transport). For nanowire growth kinetic effects
such as a smaller nucleation barrier at the particle or an increased decomposition in the vi-
cinity of the nanoparticle are responsible for the uni-directional growth. Therefore, during
the continuation of this thesis growth will be discussed in a kinetically limited regime.

4 Nanowire growth

A prerequisite for nanowire growth is that the growth rate is highly anisotropic and prefer-
ably uni-directional. However, cubic crystal structures are highly symmetric, and mul-
tiple equivalent growth directions exist, e.g. the most common growth direction for III-V
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nanowires, (11 1)B, represents four equivalent directions. However, by using a (111)B
substrate three directions are hindered as they are directed into the substrate, leaving only
the vertical [111].

An alternative method known as selective-area epitaxy uses a patterned oxide or nitride mask
to inhibit growth everywhere except in its holes [47]. However, we will focus at particle-
assisted growth where a seed particle is used to promote growth at the particle/substrate
interface.

4.1 Particle assisted growth

Using nanoparticles to promote highly anisotropic growth is a well used technique [48],
not only for III-V nanowire growth but also employed extensively in other material sys-
tems, e.g. Si, Ge [49], ZnO [50], SnO [2] and carbon nanotube growth [s1]. In the early
days of the nanowire field nanowire growth was proposed to only occur from liquid nan-
oparticles by a mechanism known as vapor-liquid-solid (VLS) [s2, 53]. However, growth
has been observed also for solid particles [s4, 551, described with a vapor-solid-solid (VSS)
mechanism [56]. Another useful mechanism is the preferential interface nucleation (PIN)
mechanism [57], which emphasizes the particle’s ability to collect material and to reduce
the nucleation barrier for growth. These are both properties that are affected by the material
phase and are thus parameters in a more general model, able to treat growth with different
phases, both for the particle and the supply phase. In this work a vapor supply is used due
to the MOVPE method used..

Figure 4.4 depicts particle assisted growth of GaAs nanowires on a GaAs substrate. De-
composed precursors release group III and V adatoms that can diffuse to the seed particle.
Often the diffusion length of the group IIT and V is very different, e.g. TMG has a long dif-
fusion length and incorporates mainly via surface diffusion, whereas AsHj3 has a very short
diffusion length and only incorporates by direct impingement. As material is incorporated
into the seed particle it becomes supersaturated and nucleation of a bilayer is initiated at
the triple-phase-boundary (TPB), a small region where the particle, nanowire and vapor
meet.

4.2 Nucleation

Nanowire growth proceeds via a series of nucleation events occurring at the TPB with a
nucleation rate #,,,, described according to classical nucleation theory (CNT) to follow a
simple Arrhenius expression [58].
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Figure 4.4: Schematics of particle-assisted growth of a GaAs nanowire, starting with an initial metal nanoparticle that alloys
with Ga. When critically supersaturated, GaAs is precipitated at the nanowire/particle interface, resulting in the
growth of a nanowire. The major pathways of gallium and arsenic atoms to be incorporated into the nanowire
are illustrated: gallium adatoms diffuse from the substrate, nanowire side facet as well as direct impingement, with
direct impingement being the only source for arsenic incorporation
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Here, AG™ is the change in Gibbs free energy at the critical nucleus size #*, IV, the number
of nucleation sites, j the rate at which molecules attach to the nucleus and Z the Zeldovich
factor. The Zeldovich factor is related to the probability of growth with respect to shrinking.
More importantly it is evident that a decrease in AG* exponentially increases the nucleation
rate £ .

To minimize AG* we begin with the expression for Gibbs free energy of forming a new
nucleus AG. It consists of a supersaturation Ay related volume term and a surface energy
7 related area term.

AG = —Ayl +) 7l

mn
n

Here, V'is the volume of the formed nucleus, V,,, its molar volume and A the area of
facet 7. As the expression consists of a volume and an area term Gibbs free energy can be
minimized as a function of the nucleus radius , reaching a critical nucleus size 7*. Ignoring
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shape factors 7* is proportional to v/Ap. Inserting * into AG yields that also G* increases
with surface energy and decreases with supersaturation.

v
G o —
OCA;4

In conclusion, an increased growth rate is expected for a small nucleation barrier G*, and
the nucleation barrier is decreased by reducing surface energies v and increasing the super-
saturation Ay [18, p. 155].

4.3 Chemical potential and surface energy

For a unary system the chemical potential difference between two phases is a measure of
the supersaturation (or supercooling) of the system. Assuming the ideal gas law, the super-
saturation Ay is expressed as the partial pressure p of a given phase o from its equilibrium
partial pressure pe,.

Ap = RTIn 2

Peg
The driving force for crystallization is the lowering of chemical potential p, transitioning
from phase o to phase 3. Thus for a phase transition to occur the difference between the end

state  and beginning state «, the supersaturation Ay must be negative. For convenience
only the absolute magnitude of the supersaturation is used.

Ap=pg—p,
For nanowire growth to occur with a stable particle size it is necessary that the chemical

potential of the vapor phase is higher than or equal to that of both the particle and crystal.
Otherwise, material will not be collected by the particle.

]’t:upply = H “particle = Pranowire

This states that the nanowire is not supersaturated with respect to the particle or vapor.
A supersaturated nanowire would be absorbed by the particles or evaporate. Interestingly
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the supersaturation has to be the highest in the vapor phase, and if excluding the effect of
surface energies, nucleation should be the highest in contact with the vapor. Therefore, we
can expect the supersaturation to be high in the small region referred to as the triple-phase
boundary (TPB), in contact with the vapor, particle and nanowire.

The excess energy formed when dividing a bulk material in two parts is known as surface
energy . To a first approximation it is proportional to the density of dangling bonds,
but the bond strength and influence from neighboring atoms should also be taken into
consideration [59].

Similarly to a surface energy, when two different surfaces form an interface, an excess energy
known as interfacial energy forms. During nucleation, a small nucleus of the solid phase
forms, and consequently also interfacial energies between the nucleus and the connected
phases. If the interfacial energy between nucleus and particle is lower than that of the
nucleus and vapor this would result in a lowering of the total surface energy of the formed
nucleus.
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Chapter s

Thermal compaction of metal
nanoparticles

The spark discharge generator (SDG) is used to develop new alternative seed particles to
grow nanowires from. For this purpose it is important that the purity, size and shape of
the particles are well controlled. In table 5.1, materials developed by the SDG and used for
preliminary nanowire growth studies are presented. The table includes electrode material,
electrode purity, bulk melting temperature 7, and compaction temperature 7, for 80 nm
agglomerates. At 7, further increasing the sintering temperature will not result in a more
compact nanoparticle.

This chapter covers how the compaction of nanoparticles is performed to develop spherical
nanoparticles, and the development of palladium nanoparticles used for Paper II is presen-
ted in detail. Depending on material (see * in table 5.1), the compaction can be improved
by introducing hydrogen when generating the particles. This is demonstrated in Paper I,
where hydrogen has a significant effect on the compaction behaviour for Co and Bi, but
none for Au.

Table 5.1: List of developed nanoparticle materials used for nanowire growth. The electrode purity, bulk melting temperature
T, and observed compaction temperature 7, for particles generated in high purity nitrogen 7,(N,) and for particles
generated in a nitrogen-hydrogen mixture 7,(H,). * Only generated in high purity nitrogen.

Material ~ Purity [%] T,, [°C] T.(Eh) [°C]  T.(N>) [°C]

Gold 99.95 1064 375 375
Palladium®  99.95 1555 400 -
Cobalt 99.99 1495 600 > 800
Bismuth 99.999 272 400 600
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1 Sintering scans and TEM verification

In figure 5.1 the compaction behaviour of Pd, Co and Au is presented. The noble metals, Au
and Pd exhibit similar compaction behaviour, compacting rapidly already at low temper-
atures, and reaching the compaction temperature already at (~ 400 — 500 °C). However,
Co does not compact fully within the observable temperature range, (20 — 900 °C). In sec-
tion 2 it is shown that the compaction of Co nanoparticles can be improved by introducing
hydrogen during the particle generation. However, first I will focus upon the compaction
of Pd nanoparticles, used to seed GaAs nanowires in Paper II.

Diameter [nm] Diameter [nm] Diameter [nm]
K] Gold 80F— Palladium 80
60 60 60
40 N Ao 40 3 40
T.=375°C
¢ > T.=400°C T.> 900 °C
20 20 20
T [°C] T[°C] T [°C]

a) 200 400 600 800 b) 200 400 600 800 Q) 200 400 600 800

Figure 5.1: Mobility size diameter for 80 nm agglomerate nanoparticles after sintering at different temperatures for a) Au, b)
Pd, ¢) Co.

TEM investigations presented in figure 5.2 verifies that Pd nanoparticles are: a) highly
agglomerated when sintered at room temperature (20 °C), b) relatively compact but poly-
crystalline slightly above the compaction temperature (500 °C), and ¢) monocrystalline
and faceted if sintered at very high temperatures (1150 °C).

Too high sintering temperatures might result in evaporation of material and problems with
multiply charged particles. Singly charged particles are essential to control particle size
and particle concentration. However, at high sintering temperatures, thermal charging
will result in an altered particle charge distribution [60, 61]. Multiply charged particles
have a mobility diameter that is smaller than their geometric diameter and the number of
particles is overestimated by the electrometer. This is because both the DMA and elec-
trometer assumes singly charged particles in our system. Furthermore, due to the lower
mobility diameter the electrostatic precipitator will deposit multiply charged particles in a
smaller area than singly charged particles. For these reasons, it is important not to compact
particles at too high sintering temperatures [61].
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Figure 5.2: TEM images of a) the 80 nm Pd agglomerate, that compacts completely at 500 °C (above T,), and at ¢) 1150 °C
internal restructuring and facet reshaping is observed.

2 Hydrogen to improve compaction

Palladium and gold are noble metals and do not readily oxidise. To prevent oxidation of
base metals, a reducing carrier gas consisting of 95 % N3 and 5 % Hj is used. In paper I
we show that hydrogen has a significant effect on the compaction behaviour for Co and Bi,
but as expected, no effect is observed for Au.

In figure 5.3 a) Co nanoparticles generated and sintered using the two different carrier gases
are compared. It is clear that 7, is much lower for the hydrogen mixture (7, ~ 600 °C),
compared to the pure nitrogen (7, > 800 °C). In figure 5.3 b) and ¢) particles deposited
at 700 °C are compared for the two gas compositions. The particle generated in nitrogen
is agglomerated, whereas the particle generated in the hydrogen mixture is fairly compact.

Similar effects occur with Bi nanoparticles (see Paper I) and Sn nanoparticles (not presen-
ted). However, the compaction of Au is not affected when adding hydrogen, as is presented
in figure 5.4. The two mobility diameter curves are almost identical and the TEM images
of particles compacted at 500 °C are very similar, regardless of gas type.

2.1 Oxidation

It is plausible that hydrogen prevents the formation of oxides or reduces formed oxides in
the early stages of particle generation. This is supported by previous work on Ni and Pt
nanoparticles [62], where hydrogen was shown to lower the kinetic barrier for restructur-
ing (compaction) for Ni particles but not for Pt nanoparticles. However, further work is
required to investigate how it extends to additional base metals.

Most metals oxidise readily in air, and very low oxygen levels are enough for the oxide to be
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Figure 5.3: Cobalt compaction is compared for the two gases 99.999 % N,, and 95 % N, and 5 % H,. a) With hydrogen, the
compaction temperature is low = 600 °C, compared to without hydrogen > 900 °C. Particle deposited at 700 °C
are less compact when generated b) without H, compared to when generated c) with H,.

thermodynamically stable. We know that the SDG has small residues of oxygen and water
adsorbed on the inner walls, that are difficult to remove without resorting to high-vacuum
techniques and prolonged baking. However, even if possible it interferes with the purpose
of the system, to be a highly customizable and portable system opened to the ambient
atmosphere at a daily to weekly basis.

Post production the particles are expected to oxidise as they are transferred in air to the
electron microscope or MOCVD machine. However, oxidation is often reversible, and
if < 5 % H; in the SDG is sufficent to reduce oxides or prevent oxidation it is likely
that 100 % H; in the MOCVD machine can reduce it again. Furthermore, even if most
metals oxidise, some metals (e.g. Ti and Al) form thin surface oxides that prevents further
oxidation [38, p. 876-878]. This, and the contribution of kinetic effects are highly interesting
aspects that will surely require additional research.
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Figure 5.4: Gold nanoparticles compacted at 500 °C are compared for the two gases 99.999 % N,, and 95 % N, and 5 % H,.
a) The mobility diameter for the two gases are compared, b) only N, yields similar particles to when generated c)
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Chapter 6

The role of the seed particle - Pd
seeded GaAs

To investigate the effect of the seed particle material, the nanowire properties (e.g. mor-
phology and growth rate) are compared within growth series. A growth series consists of a
set of growth runs, where growth parameters (e.g. growth temperature and precursor flows)
are changed systematically.

This chapter begins with explaining how V/III ratio and growth temperature are import-
ant growth parameters. Thereafter, results from paper II are summarised, where Pd seeded
GaAs nanowires from a wide growth parameter space are presented, covering V/III ratios
between 0.4 — 63, and growth temperatures between 350 —600 °C. The nanowire morpho-
logy is controllable with growth parameters, where unstable growth of ”curly” nanowires
is predominant for all growth settings except high growth temperatures and low V/III ra-
tios. For such growth settings, stable growth of vertical” and "inclined” nanowires are
promoted and growth of curly nanowires is suppressed. In Paper II we proposed that the
shift in morphology is due to a difference in particle phase. Therefore, this chapter will
appropriately close with a discussion around the particle phase.

1 Effect of V/III ratio and growth temperature

The growth rate of binary III-V semiconductors can be controlled by adjusting the effective
V/I ratio. The effective V/III ratio determines which precursor at the growth interface that
limits the growth rate, and to a first approximation it follows the same trends as the relative
precursor flows (referred to as nominal V/III ratio). However, the two are not equivalent,
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due to differences in precursor decomposition and diffusion.

A V/1II series can be constructed in order to tune the effective V/III ratio in three ways:
fixing the group III precursor flow and varying the group V precursor flow, varying the
group III precursor flow and fixing the group V precursor flow, or varying group III and
V simultaneously while maintaining a constant total flow. In paper II we show that the
nominal V/III ratio controls the growth rate of Pd seeded GaAs nanowires at low growth
temperature (Paper II FIG. 8), and at a higher growth temperature the V/III ratio also
controls the nanowire morphology (Paper II FIG. 7 and 8).

Temperature affects kinetic processes (e.g. decomposition and nucleation) and thermo-
dynamic equilibrium (e.g. solubility, vapor pressure and chemical potential). Therefore,
growth at different temperatures, (but same nominal V/III ratio) can yield entirely different
nanowires. In paper II, temperature series at a low nominal V/III ratio (V/III = 0.8), and
high nominal V/III ratio (V/III = 24) are presented. Both series exhibit fewer nanowires
at higher growth temperatures, see figure 6.1. As the initial particle density is the same
within a growth series, this suggests that nucleation of nanowires is hindered at higher
growth temperatures. Furthermore, the temperature series at the lower V/III ratio shows
a change in nanowire morphology, from curly nanowires at low growth temperatures to
vertical nanowires at high growth temperatures. This is unfortunate as stable growth of
vertical and inclined nanowires is only observed at growth temperatures where nucleation
is poor.

Figure 6.1: Pd seeded GaAs nanowires have difficulties with nucleation at high growth temperatures (600 °C) and the morpho-
logy is mostly vertical at low W/l ratios a) V/Il = 0.8, and curly at higher /Il ratios b) V/IIl = 22. (Note, the growth
time in a) is longer, due to throttled growth rate at low V/III).

Additional V/III series performed at low and high growth temperatures suggested that the
low V/III ratio promotes vertical growth and a higher Ga incorporation into the nano-
particle. Compositional analyses on seed particles post growth revealed a high Ga incor-
poration (60 — 80 at %) for growth temperatures above 580 °C and V/III below 1. For

38



other growth conditions, the Ga incorporation was consistently 40 — 50 at %, (paper
IT table II). The Ga incorporation controls the melting temperature of the formed alloy,
where a high incorporation drastically decreases the melting point. Although the post-
growth composition is not equivalent to the composition during growth, it is a good first
approximation and can give information about compositional trends. A particle with a
composition similar to the high Ga incorporation could be liquid during growth temper-
atures (~ 550 — 900 °C), while a particle with a composition similar to the lower Ga
incorporation could not (~ 1000 °C) [63].

2 Curly nanowires - Unstable growth

Curly nanowires are categorised by their unstable growth direction, forming a twisting
nanowires that when grown long enough often “curls” around itself. In figure 6.2 a) a
SEM image of typical curly nanowires is shown. The crystal structure of such nanowires
consists of a complicated arrangement of zincblende twinning structures, and an occa-
sional anisotropic nanoparticle/nanowire interface, see figure 6.2 b). The unstable growth
direction of a curly nanowire makes even basic properties such as length and radial growth
non-trivial to quantify. However, by comparing SEM images side-by-side it is possible to
make qualitative comparisons in order to establish trends.

Previous work on in-situ TEM of nanowire growth from solid particles has shown that
growth occurs via a step flow at the seed particle/nanowire interface [64, 65]. Growth in
a (111) direction is therefore proposed to occur by the completion of a bi-layer. With
an anisotropic particle/wire interface a bi-layer cannot be completed with a single step
flow. Instead multiple step flows on different facets is required, potentially destabilising the
growth direction by competition between several growth directions.

3 Vertical and inclined nanowires - Stable growth

In figure 6.3, SEM images of a) vertical and b) inclined nanowires are shown. Assuming epi-
taxial growth, the vertical nanowires are growing in a (11 1)B growth direction, although
in order to prove epitaxial growth cross-sectional TEM analysis of the substrate/nanowire
interface is required. However, TEM analyses of samples mainly consisting of vertical
nanowires confirms growth in a (11 1) direction, which strongly supports the conclusion
that vertical nanowires are epitaxial to the GaAs (11 1)B substrate. In figure 6.3 ¢) a TEM
image of a vertical Pd seeded GaAs nanowire with a mixed crystal structure, characteristic
for unoptimized (11 1) growth, is shown. The mixed crystal structure is apparent from the
streaking lines in the diffraction pattern, presented in the inset.
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Figure 6.2: a) Typical curly Pd seeded GaAs nanowires imaged by SEM at 30° b) TEM of a curly nanowire with a twinned
zincblende structure and an anisotropic particle/nanowire interface.

The seed particle/nanowire interface controls how the subsequent layer is built. Therefore,
the interface has a large effect on both growth direction and the introduction of stacking-
faults. For growth in a (1 11) direction, the growth interface is often perpendicular to the
growth direction and stacking-faults are easily introduced as new layers are added. However,
if growth occurs in a different growth direction (or rather the particle/nanowire interface is
anon-(111)), stacking-faults or defects cannot form in a single flow.

In figure 6.3 d) an inclined nanowire with a defect-free zinc blende structure is observed. By
comparing the diffraction pattern to the nanowire morphology a (10 0) growth direction
is deduced. The crystal structure is defect free zinc-blende, even with a (1 1 1) particle/wire
interface. However, the interface could have changed during the last moments of growth.
When turning off the precursor flows and cooling down, the particle may shrink in size as
the Ga reservoir in the particle is used up for growth, forming a "neck-region” with a smaller
wire diameter beneath the particle [56]. For this to occur, a continued AsH3 supply during
cooldown is usually necessary. In Paper II, the growth of Pd seeded GaAs nanowires was
terminated with cooling down without AsH3 (and TMG), which means that growth during
cooldown was limited, but cannot be excluded.Furthermore, not all inclined nanowires in
Paper II were defect free zinc-blende, but some were riddled with inclined stacking-faults
(not presented). A plausible explanation would be a (11 1) particle/wire interface.

Finally, as discussed in paper II the particle size post-growth is not always consistent with an
initial 40 nm Pd nanoparticle. This is also easily observed in figure 6.3, where a ~ 70 nm
particle is seen in b) and 25 nm particle in d).
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Figure 6.3: Pd seeded GaAs nanowires in stable growth directions, 30 ° tilted SEM images of a) vertical, b) inclined. The crystal
structure and growth direction is determined by TEM: c) vertical nanowire grown in (111) with a mixed crystal
structure, d) inclined nanowire grown in (10 0) with defect-free zinc-blende.

4 The particle phase

In Paper II we proposed that the curly Pd seeded GaAs nanowires are grown from a solid
nanoparticle, according to the vapor-solid-solid (VSS) mechanism [56]. The vertical and
inclined nanowires are instead grown from a liquid nanoparticle, mediated by the vapor-
liquid-solid (VLS) mechanism [s2]. This claim was supported mainly by two observations,
the relative nanowire growth rate and the post-growth particle composition.

The growth rate of curly nanowires was lower than for straight nanowires. Across the entire
explored growth parameter space, whenever curly nanowires co-existed with vertical or in-
clined nanowires, the curly nanowires were shorter and smaller than the straight nanowires.
Not only was the apparent length of the nanowires different, but also the volume of the
nanowire. This is clear evidence that the two morphologies have different growth rates,
suggesting different growth mechanisms. Previous work has observed co-existing growth
from solid and liquid nanoparticles [6, 66, 67]. Furthermore, the same work reports of
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a slower growth rate for growth from solid nanoparticles. This can be explained by, for
example, lower bulk diffusion in solids and lower vapor deposition rate to a solid surface
compared to a liquid surface.

The post-growth composition (40 — 50 at % Ga) of particles from curly nanowires cor-
responds to an alloy expected to be solid (M, (PdGa) ~ 1000 °C) for typical growth tem-
peratures. Palladium has a high melting point, (M,(Pd) ~ 1550 °C), and a very high Ga
incorporation (> 80%) is required for forming an alloy that is liquid during growth. Com-
positional analysis revealed a high Ga incorporation (60— 80 at %) for growth temperatures
above 580 °C and V/III below 1, growth settings where vertical nanowires were predom-
inant. The particle composition is not necessarily the same during growth, but by cooling
down the sample in H; the Ga reservoir is not as easily depleted [56]. Furthermore, it is
well known that effects such as undercooling [55], formation of metastable phases [68], and
size dependent melting point depression [69] may contribute to liquid phases not predicted
by the phase diagram of the bulk. However, it is unlikely that these effects are pronounced
enough to form a liquid alloy for the low Ga content particles.
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Chapter 7

Concluding remarks and outlook

Various metals are now developed for seeding nanowires, and some of these materials
(Bi, Co) rely on the "hydrogen assisted compaction” method treated in Paper I, whereas
other materials (Au, Pd) are simpler and do not require hydrogen during generation. Pd
seeded GaAs nanowires grow with two distinct morphologies, straight nanowires or curly
nanowires. I propose that straight nanowires are promoted by a liquid nanoparticle, facilit-
ated by a higher Ga incorporation, whereas curly nanowires are promoted by a anisotropic
solid nanoparticle, which is unable to form a stable growth interface. This might be applic-
able to other seed particle materials, that form similar particle/wire interfaces when solid

and liquid.

The goal of my PhD is to determine how specific seed particle properties affect nanowire
properties. I choose to do this by comparing the growth from similar and dissimilar seed
particle materials. Due to the large effect of particle phase the elements of interest are di-
vided into low melting point materials and high melting point materials. Low melting point
materials are common in groups III-V (e.g. Ga, In, Sn, Pb, Sb and Bi). These elements are
interesting as they will almost certainly be liquid during growth, and if incorporated into a
III/V or IV nanowire they may act as a dopant or alter the band structure. Higher melting
point materials can for example be found among the transition metals in close proximity
to Pd and Au (Co, Rh, Ni, Pt, Cu and Ag). When alloying with group III elements they
lower their melting temperature, and the phase may change from solid to liquid (at growth
temperatures) depending on group III incorporation. However, most of these materials
require high group III incorporation (similar to Pd) to become liquid. By systematically
studying the growth from both low and high melting point materials it will be possible to
study the effect of particle phase. The aims are to learn how to control the particle phase,
how it affects the nanowire properties and ultimately to make the choice of seed material
as clear and straight forward as the choice of semiconductor material.
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Abstract

Agglomeration results in unstructured nanoparticles
unsuitable for many applications.
paction in the gas-phase can be performed in order
to reshape agglomerates into spherical nanoparticles.
However, easily oxidised metals are more resistant to
thermal compaction due to the formation of surface
contaminations and the high melting point of oxides.

Thermal com-

By introducing hydrogen at the particle formation we
show that the compaction of Co and Bi nanoparticles
is improved significantly, whereas the compaction of
Au nanoparticles is unaffected. Co nanoparticles gen-
erated in a hydrogen mixture underwent rapid com-
paction at 600 °C forming spherical nanoparticles,
wheras particles generated in pure nitrogen compacted
slowly, forming faceted and fractal particles. Bi nano-
particles required compaction temperatures above the
melting point for both gas compositions, but the com-
paction occurs earlier and the particle shape is more
uniform when generated in the hydrogen mixture. We
propose that hydrogen hinders the formation of oxides
at particle formation, resulting in improved compac-
tion compared to particles generated in only nitrogen.
This method can be applied to other aerosol genera-
tion systems, in order to improve the generation of
size controlled nanoparticles of base metals.

1 Introduction

Production of nanoparticles with controlled shape and
composition is required for many applications, includ-
ing semiconductor nanostructures,’ catalysis,” medi-

cine** and hydrogen storage’ A promising pro-
duction method is via a spark discharge generator
(SDG),® a technique enabling production of nano-
particles of basically any non-insulating material that
can be shaped into an electrode.” In SDG the particle
purity is high, and comparable even to nanoparticles
produced by laser ablation.®? However, compared to
laser ablation the SDG has a much higher potential
for up-scaling as it is a more energy efficent method.
Furthermore, recent developments of a high voltage
switched SDG unit has further increased the energy
efficency.’®

The SDG generates nanoparticles by electric ablation;
the electrode material is locally vaporised and forms a
supersaturated vapor, that condenses into singlet nan-
oparticles, which grow spherically by coalescence.™ '
However, at a critical size the particles can no longer
grow by coalesence, but proceed via agglomeration.
Agglomerated particles are fractal structures that con-
sist of similarly sized primary particles.” Therefore, in
order to produce larger spherical particles, it is neces-
sary to compact the agglomerates, for example with
thermal compaction.

Thermal compaction has been proposed to occur
by an increase in surface or grain boundary diffu-
sion,” and a temperature (in Kelvin) in the range
of% — % of the bulk melting temperature is often
sufficent for full compaction.”” At higher temperat-
ures: new crystal structures and facets form," and
the particles may evaporate or be thermally charged."”
Oxides are known to be more difficult to compact
thermally, because of higher melting point, decreased
diffusion,” and increased activation energy for recon-
struction.™* By introducing a reducing H; atmosphere
during compaction the activation energy can be re-
duced, which enables compaction at lower temper-
atures. However, the immediate benefits and disad-
vantages of using a reducing atmosphere supplied at
the particle generation has to our knowledge not been
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Table 1: List of electrodes used to generate nano-

particles.
Material  Purity [%] Melting point [°C]
Cobale 99.99 1495
Gold 99.95 1064
Bismuth 99.999 272

studied before. We show that 5% hydrogen is suffi-
cient to result in a significant difference in compac-
tion for both Co and Bi agglomerates. The thermal
compaction is estimated by measuring the electrical
mobility before and after compaction, as well as com-
paring morphology with transmission electron micro-

scopy (TEM).

2 Method

Particle generation set-up  Nanoparticles of Co, Au
and Bi were generated usinga SDG (figure 1 from elec-
trodes listed in table 1.

?SDG
T

To vacuum

Figure 1: The spark discharge generator produces
particles in a carrier gas, the particles are neutralised by
a radioactive 53Ni source, and size-selected in two dif-
ferential mobility analyzers (DMAs) equipped in tan-
dem, separated by a tube furnace. Finally an electro-
static precipitator (ESP) is used for particle deposition
and an electrometer for particle concentration meas-
urements.

Two different carrier gases were used and controlled
by a mass flow controller (MFC), either 99.999 % N,
referred to as pure nitrogen, or 95 % N and 5 % Ha,
referred to as hydrogen mixture. The carrier gas flow
was set to 1.68 slm and the pressure of the system to
1004 kPa. Before initiating the experiments the sys-
tem was pumped down to < 10 mbar and purged with
nitrogen twice.

Particle generation was performed by spark discharge
between two electrodes set 2 mm apart. ‘The dis-
charge frequency and energy was indirectly controlled
by connecting the electrodes to a capacitance of 38 nF,
charged with a current of 10 mA. The electrodes acts
as a switch, which triggers a discharge when the bias
over the capacitance exceeds the breakdown voltage of
the electrode gap.” A radioactive *Ni foil was used
to neutralize the particle charge distribution, forming
mostly singly charged nanoparticles, required for elec-
trical mobility classification.”® Therafter, two differ-
ential mobility analyzers (DMAs) were used to size-
select particles before and after a compaction furnace.
Finally the particle concentration was measured with
an electrometer and a custom built electrostatic pre-
cipitator (ESP) for particle deposition.

Mobility diameter
was measured with the tandem DMA set-up to meas-

‘The compaction of nanoparticles

ure negatively charged nanoparticles. Particles with a
mobility diameter of 80 nm were selected with the first
DMA (long TSI 3081) and transported through the
Lenton tube furnace. The temperature of the furnace
was adjusted with steps of 25 °C, up to 600 °C and the
mobility size after compaction was measured by scan-
ning the second DMA (a custom built Vienna type®
and measuring the particle concentration with the TSI
3086B electrometer. When compacting above 600 °C
the steps between temperatures varied. The measured
particle distribution was fitted to a log-normal distri-
bution, where the mean is used to describe the size of
the compacted nanoparticles. The compaction tem-
perature, defined as the temperature where no more
shrinking of particle diameter occur, was identified
and noted. At higher temperatures thermal charging
was accounted for by comparing the particle distribu-
tion to the expected particle sizes for multiply charged
particles.

TEM characterisation Depositions of Au, Co and
Bi nanoparticles were performed for both carrier gas
compositions at selected temperatures. This was per-
formed at a seperate date to verify the reproducibil-
ity of the previous compaction scans. First a com-
paction scan was performed and compared to previ-
ous results, thereafter the second DMA was bypassed
and the 80 nm agglomerate nanoparticles were com-
pacted and deposited on TEM Cu lacey-carbon grids
with the ESP. High-resolution transmission electron
microscopy (HRTEM) was performed with a 300 keV'
JEOL 3000F. Energy dispersive x-ray spectroscopy in
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scanning transmission electron microscopy (STEM)
mode was used to verify the composition of indi-
vidual nanoparticles. The TEM samples were stored
in a high purity nitrogen glovebox until the day of
TEM analysis, in order to limit oxidation prior to ana-
lysis.

3 Results

The thermal compaction scans of the materials in
table 1 are presented in figure 2. Each subpanel shows
the compaction behaviour of one material for the two
carrier gases, pure nitrogen and hydrogen mixture.
For Au no clear difference is observed for the two
gases, see figure 2 a). However, for Bi and Co there
is a clear difference depending on carrier gas, sce fig-
ure 2 b) and ¢). Furthermore, the particle distribution
for Co generated in the hydrogen mixture compacted
at 600 °C exhibited a clear bi-modal particle distri-
bution, and the peak position of both are represented
in figure 2 c). This bi-modal distribution was not ob-
served at neither 575 °C or 625 °C.

3.1 Compaction - Mobility diameter

The repeated mobility scans performed before particle
deposition were in good agreement with the thermal
compaction scans presented in figure 2 (not presen-
ted).

Gold nanoparticles show the same compaction beha-
viour for the two gases. Compaction occurs gradu-
ally in the temperature range 20 — 375 °C decreas-
ing the particle size from 84 to 47 nm. The compac-
tion temperature is determined to be 375 °C as the
mobility diameter is constant in the observed interval
(375 — 675 °C).

Bismuth nanoparticles show barely no compaction up
t0 300 °C, regardless of carrier gas type. The particles
generated in the high purity nitrogen gas compact rap-
idly in the temperature range 325 — 450 °C, where the
particle size decreased from 78 to 44 nm. In the tem-
perature range 450 — 600 °C, the particles reach the
compaction temperature and a particle size of 35 nm.
Particles generated in the hydrogen mixture begins to
compact at a lower temperature and has a lower com-
paction temperature, ~ 250 — 400 °C, compacting
from 82 — 55 nm particles. However, at 570 —700 °C
the particles decrease in size again.

Cobalt nanoparticles show a similar weak compaction
behavior up to 350 °C, regardless of gas type. Particles
generated in the high purity nitrogen environment
compact gradually in the entire observed temperature
range, reaching a diameter of 50 nm when heated at
900 °C. In the range 350 — 600 °C the mobility size
diameter for particles generated in the hydrogen mix-
ture is larger. However, at 600 °C a bi-modal particle
distributions was identified, with a peak at 67 nm and
one at 39 nm. Only the 39 nm peak was present at
625 °C 10 800 °C. At 900 °C the particle size has de-

creased again, ~ 31 nm.

Diameter [nm]

Gold
80|
60
40
20

Temperature [°C]
a) 200 400 600 800
Diameter [nm_

Bismuth
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Vo

60 Sgh‘
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Figure 2: Mobility size diameter after compaction in a
tube furnace for 80 nm agglomerate of different ma-
terials a) Au, b) Bi, ¢) Co. Particles are generated in
two different gases, orange ”x” represents 95 % N and
5 % Ha, blue "0” represents 99.999 % N,. Dashed

lines are visual guidelines
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3.2 Compaction - TEM

Depositions of typical nanoparticles generated with
the two different gases and compacted at selected tem-
peratures are presented by TEM images, sce figure 3
for Au, figure 4 for Bi and figure 5 for Co. The sub-
panels are ordered so that the first column contains
particles generated with the high purity N, and the
the second column contains particles generated in the
H, mixture. The composition of the presented nan-
oparticles was confirmed by energy dispersive x-ray
spectroscopy to consist of the same material as the elec-
trode material. However, eventual impurities were not
successfully identified.

Figure 3 shows TEM of typical Au nanoparticles com-
pacted at different temperatures. The images are in
good agreement with the results from figure 2 a), and
verifies that hydrogen has a negligible effect on the
compaction behavior for 80 nm gold agglomerates.
The agglomerate and primary particle size is similar
for non-sintered particles (~ 5 nm, see 3 a) and b).
The compacted particle size (~ 40 nm) and shape is
comparable when compacted at 500 °C, see figure 3 ¢)
and d).

) T °C
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¢ N,500°C|d) H,500°C
40 nm 40 nm

Figure 3: Au nanoparticles deposited at various tem-
peratures for the two carrier gases, imaged by TEM

Figure 4 shows TEM of typical Bi nanoparticles com-
pacted at different temperatures. As predicted from
the mobility scans in figure 2 b) the particles are ag-
glomerated for lower compaction temperatures, see
figure 2 a) and b) for 20 °C and figure 2 ¢) and d) for
200 °C. At 300 °C, compaction is not perceivable for
particles generated in pure nitrogen gas, see ﬁgure 2€),
but is almost complete for particles generated in a H,
environment, see figure 2 f). Similar observations have
been obtained at 400 °C for 60 nm agglomerates, see
supplementary figure 6. The particles generated in the
hydrogen mixture remain compact and similar in size

up to 600 °C, see figure 4 h).

H,-300°C

40 nm
600 °C

In progress

Figure 4: Bi nanoparticles deposited at various tem-
peratures for the two carrier gases, imaged by TEM

Figure 5 shows TEM images of Co nanoparticles com-
pacted at different temperatures. When generated in a
hydrogen mixture and compacted at 600 °C, both ag-
glomerated and compacted nanoparticles are present,
see figure 5 b). At higher temperatures, d) 700 °C
and f) 900 °C, only compacted nanoparticles were
found. Co nanoparticles generated in a nitrogen flow
and compacted in the range of 600 — 900 °C do not
compact into spherical nanoparticles, see figure 5 a),
¢) and e). Rather, with increasing temperature the ag-
glomerate structure transforms to nanoparticles con-
sisting of fewer larger faceted nanoparticles.

4 Discussion

When hydrogen is introduced in the carrier gas prior
to particle generation only a miniscule fraction should
reach the tube furnace where compaction proceeds. A
DMA transfers particles from one gas flow to another,
in this case from the hydrogen mixed carrier flow to
the pure nitrogen sheath flow of the DMA. The flows
are laminar, and mixing should be minimal and occur
mainly by diffusion. Therefore, the H, concentration
inside the tube furnace should be much lower than
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Figure 5: Co nanoparticles deposited at various tem-
peratures for the two carrier gases, imaged by TEM

upper limit of 0.7 % H; expected for complete mix-
ing. We propose that hydrogen has an effect on the
compaction temperature by hindering the formation
of oxides at the stage of particle generation, thereby
forming oxide free particles that are more easily com-
pacted, due to the lower melting point and reduced
surface impurities.’s

Gold is a noble metal, and if the reduction in compac-
tion temperature for Co and Bi nanoparticles is oxide
related, no effect is expected for Au. This was verified
with both mobility diameter scans and TEM analysis.
Furthermore, it agrees well with previous research on
SDG generated Ni and Pt nanoparticles, where hydro-
gen added during compaction decreased the compac-
tion time for Ni but not for Pt nanoparticles.*

Bismuth nanoparticles were observed to compact into
more spherical nanoparticles when generated in a hy-
drogen mixture. However, the compaction temperat-
ure was above the bulk melting point. We have two
possible explanations for this, surface contaminations
or the formation of a higher melting point compound.
Surface contaminations are known to affect the kinet-
ics of compaction,™ and can thus be highly temper-
ature sensitive. This is observed for Bi and Co near
300 °C and 600 °C, where the compaction beha-
viour deviates from the compaction of particles gen-
erated in pure nitrogen. We speculate that the high
hydrogen concentration could form water by reacting
with residual oxygen content in the system. The water
might condense on the particles and evaporate during

the thermal compaction. However it is unclear why
this would be beneficial for the thermal compaction.
Another more plausible explanation is the formation
of oxides such as Bi;O3 with a higher melting tem-
perature of 817 °C, corresponding to a % of 0.53.
An oxide would compact at higher temperature, and
if possible to thermally reduce would yield a shrink-
ing particle size during the reduction. We speculate
that the particles generated in hydrogen are protected
from oxidation in the hydrogen mixture, but follow-
ing the first DMA may partially oxidise, this would
explain the higher than expected compaction temper-
ature. The second decrease in size is also expected if
bismuth begins to evaporate. Similarly, if the particles
generated in nitrogen oxidised already at generation
the particles may be more oxidised and the oxide ef-
fect on compaction stronger. This is supported by
the higher compaction temperature and smaller final
particle size for particles generated in the pure nitro-
gen flow.

Cobalt nanoparticles were observed to compact into
more spherical nanoparticles when generated in hy-
drogen. However, in the range of 400 — 600 nm
they compacted less than the particles generated in
high purity nitrogen. When generated in nitro-
gen the mobility diameter gradually decreased and
the morphology changed, forming fewer but larger
primary nanoparticles. In comparison to particles
generated in hydrogen, where compaction occurred
rapidly after reaching the critical compaction temper-
ature of 600 °C, where both agglomerated and spher-
ical particles were present. We speculate that surface
contaminants (e.g water, oxides), might hinder com-
paction but be evaporated or reduced at high temper-
atures, resulting in a rapidly compacted nanoparticle.
If the particles generated in nitrogen are fully oxid-
ised this process would be much slower, leading to a
gradual compaction.

The compaction temperature is an interesting obser-
vation, but is not an inherent property of a mater-
ial. A literature study concerning Ag, Au, PbS, Fe,
SnO,, TiO; has reported that the compaction tem-
perature often lies in the interval of % to % of the

melting temperature (in Kelvin).” This is in agree-
ment with our results for Au (TM = 0.50), and Co
(77:—5 = 0.49). However, compaction is a kinetic pro-
cess, and depending on the initial agglomerate size”'
and particle purity'® the compaction temperature can
differ. Moreover, temperature gradients inside the
tube furnace and the carrier flow will affect the com-
paction rate and time, resulting in an expected discrep-
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ancy between experimental set-ups.

s Conclusions

Adding hydrogen during generation has shown to
have clear benefits when generating non-noble metals
and no effect for noble Au nanoparticles. Cobalt and
bismuth, both showed undesired compaction charac-
teristics when using a high purity nitrogen carrier gas.
Cobalt gradually decreased in mobility diameter and
the primary particle size grew, forming anisotropic
particles with faceted primary particles. When adding
hydrogen, a clear compaction temperature was ob-
served at 600 °C, resulting in the formation of spher-
ical particles. Bismuth nanoparticles required temper-
atures exceeding the melting point to compact fully for
both the pure nitrogen and the reducing hydrogen at-
mosphere. However, when generated in hydrogen the
particles compacted at lower temperatures and formed
more spherical nanoparticles.

We have argued that the hydrogen improves the
particle purity during formation, and speculated how
as a side product water may form. Further research
will be required to convincingly support the mechan-
ism and extent of the observed effects. However, the
work has definitely showed that adding hydrogen dur-
ing generation is clearly beneficial for the size control
of the produced metal nanoparticles, and we see no
obstacles for this to be incorporated in other aerosol
production methods.
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In this work, we present a detailed investigation of the growth of palladium-seeded GaAs
nanowires. Nanowires grown on GaAs (111)B substrates consist of three different morphologies,
denoted as curly (containing multiple kinks), inclined (relative to the substrate, such as (001)), and
vertical. We show that the relative yield of the different types is controllable by a combination of

V/II ratio and temperature, where vertical and inclined nanowires are promoted by a high
temperature and low V/III ratio. These growth conditions are expected to promote a higher Ga
incorporation into the Pd particle, which is confirmed by energy dispersive x-ray analysis. We
propose that the observed relationship between particle composition and nanowire morphology may
be related to the particle phase, with liquid particles promoting straight nanowire growth. In
addition, particles at the tips of nanowires are sometimes observed to be smaller than the initial
particle size, suggesting that Pd has been lost during the growth process. Finally, we demonstrate
the importance of initial particle size-control to interpret diameter changes after growth.

I. INTRODUCTION

Gold nanoparticles are extensively used for seeding
growth of II-V semiconductor nanowires, as they are
known to yield uniform nanowire morphology over a large
range of process conditions.! However, gold is well known
to have a high diffusivity in silicon and to deteriorate its
electrical properties by introducing mid-gap states,” com-
plicating integration of III-V nanowires into Si-based
devices. In addition, the most favorable growth
direction for gold-seeded II-V nanowires is (111) B, while
the (001) direction would be preferable for integration with
Si electronics. Finally, gold-seeded nanowires grown in the
(111) B direction have a strong tendency to form stacking
faults,® which are also detrimental to the electronic proper-
ties.*> For these reasons it is of great interest to explore
gold-free growth techniques, for example using alternative
metal seed particles. Pd and Fe have for example been
shown to initiate the growth of nanowires in other
preferential directions, including (110),%7 (111) A,*® and
(001),” in some cases without any stacking faults. In
addition to defect-free zinc blende, more exotic polytypes,
such as 4H, have been observed for example in Cu-seeded
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nanowires.'® Finally, intentional incorporation of atoms
from the seed particle can potentially be used to tailor
nanowire properties; for example Sn atoms from the seed
particle have been used for doping,'" and the incorporation
of Fe or Mn is proposed to enable nanowires with magnetic
properties.”'>!>  Additional investigations include M-V
nanowires grown using Ag,l4 Bi,15 Nb,]ﬁ Ni,17 Ta,]8 and
Tb'® as seed particles. However, there is a lack of large-
scale systematic growth parameter studies to understand the
growth behavior of III-V nanowires seeded by particles of
other materials than gold.

The steady-state phase of the seed nanoparticle during
growth is an important consideration for the resulting
nanowire properties. Depending on the particle phase,
nanowire growth is governed by either the vapor—liquid—
solid (VLS)*® or the vapor-solid—solid (VSS)*' mech-
anism. Gold-seeded growth typically occurs in the VLS
regime (gold nanoparticles form liquid alloy droplets
during nanowire growth), due to the low eutectic temp-
erature of gold with many semiconductors. However, by
alloying Au with Ag® or AI*> a solid phase can be
promoted (VSS growth), which has been shown to result
in atomically sharp heterointerfaces for Si/Ge nanowires.
VSS growth is typically associated with lower growth
rates>*; however in situ studies of Pd-seeded VSS growth
of Si nanowires® show axial growth rates higher than
typically reported for other VSS growth.?? Further studies
are needed to fully understand the effects of particle phase
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and material on the resulting nanowire properties. Previous
work on Pd-seeded InAs®® and Cu-seeded InP*® nanowire
growth showed a coexistence of solid and liquid particles
on a single growth substrate, suggesting that these materials
are good candidates to directly compare the relationship
between particle phase and nanowire properties.

In this work, we have studied Pd-seeded GaAs nanowires
to gain further insight into the role of the particle during
nanowire growth, enabling the transition to a variety of
alternative seed materials with properties adapted to the
desired nanowire properties and/or application. The Pd
particles were generated as an aerosol using a spark dis-
charge generator (SDG).?’ This technique allows for a high
control of the initial particle density and size, making it
possible to correlate postgrowth sizes and densities with the
initial particle size and density. This is highly important, as
particle diameter and proximity effects are known to in-
fluence both crystal structure and growth rate of the nano-
wires. % We show that Pd-seeded GaAs nanowires grow
in various directions, including (111) and (001), depending
on the growth conditions. Straight nanowires with a specific
growth direction are promoted by a high growth temperature
and low V/III ratio, in a region of the parameter space where
nucleation and thus yield is low. In addition, energy
dispersive x-ray spectroscopy (EDX) analysis shows that
postgrowth seed particles contain a high amount of Ga if
grown at high temperature and low V/III ratio. Although the
initial Pd particle size was controlled, the postgrowth particle
size varies and is often much smaller than the initial size,
suggesting that Pd may be lost during growth.

Il. METHOD
A. Nanowire growth

GaAs nanowire growth was carried out by metal-organic
vapor phase epitaxy in an AIXTRON 3 x 2 in. close coupled
showerhead (CCS) reactor (AIXTRON SE, Herzogenrath,
Germany) at a pressure of 100 mbar and 8 slm of total gas
flow with H, as the carrier gas. Before the actual nanowire
growth, the aerosol decorated epi-ready GaAs (111)B sub-
strates were annealed at a set temperature of 680 °C for 7 min
under arsine (AsHz) with a molar fraction 2.5 x 10~ before
setting the desired growth temperature. The parameter
space for GaAs nanowire growth covered a set temperature
range of 350-600 °C and a V/II ratio range from 0.4 to 65.
The V/II ratio was changed by varying either trimethylgal-
lium (TMGa) or AsH; with corresponding molar fractions
between Ytmca = 698 x 107° — 628 x 10> and
Yast, = 4.55 x 107 —2.25 x 107 (the specific parame-
ter changed is specified in the text). After growth, both
sources were switched off and the samples were cooled
under H,.

Table I summarizes the growth parameters used for the
temperature and V/III series presented in this paper.
The two temperature series were performed at a V/III ratio
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of either 0.8 or 24 and the three V/III series were
performed with set temperatures of either 450 or
580 °C. In the figures, a representative subset of samples
is shown, whereas the complete series is available in the
attached supplementary information.

To generate the palladium nanoparticles a SDG was
used, see Figure S1. The particle distributions were
adapted to the growth series after acquiring feedback
from initial nanowire growth experiments. For the V/III
series at 450 °C and temperature series at a V/III ratio of
24 the growth time was 5 min, and the substrates were
decorated with 42 = 3 nm Pd particles with a density of
11 um 2, see Fig. 1. For the temperature series at a V/III
ratio of 0.8 and V/III series at 580 °C, the particle size
was 40 = 6 nm with a density of 1.5 um~2, we will refer
to the initial diameter of both initial particle distributions
to be 40 nm. Furthermore, a majority of the growth runs
were performed on three GaAs (111)B substrates in
parallel: one decorated with Pd aerosol particles, one
decorated with Au aerosol particles of similar size and
density, and finally one bare substrate.

B. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM)
characterization

To evaluate the particle distribution before growth
and to perform batch overview analysis of the growth,
every nanowire sample was imaged using a Hitachi
SUB010 SEM operated at an accelerating voltage of
15 kV (Hitachi, Tokyo, Japan). Size selection and
density of the initial particle density was aided by the
dedicated software nanoDim.*> The resulting data were
used to evaluate overall trends in nanowire morphology
and to further carry out a statistical analysis of the
relative yield of the different nanowire types (curly,
inclined, and vertical; see Sec. IV. A for details). Images
used for both initial particle and nanowire analysis were
acquired at a 30° tilt angle at 2, 10, and 50 k
magnification in the center of the sample with a high
pixel density (2560 x 1920) to improve image analysis.
For samples with observed local variations, additional
images were acquired at different locations, often in-
cluding an edge image. For estimating the yield of the
different wires, an area corresponding to roughly 5000
um? was investigated for each sample to count and
measure the nanowires manually, whereof the number of
vertical or inclined nanowires varied between 7 and 86
with an average of 42. To calculate the nanowire length
of vertical nanowires, twice the projected length mea-
sured in 30° tilted SEM images was used. However, for
inclined nanowires of unknown growth directions, the
relationship between the measureable projected length and
the true length is unknown. Similarly, curly nanowires kink
repeatedly, resulting in the projected length, independent of
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TABLE I. Temperatures and TMGa and AsH3 molar fractions used for the different series presented in the manuscript.

Parameter varied (referred to as series) Temperature (°C) v/ AT™MGa (10’5) ToAsH; (10’5) Number of samples
Temperature 450-600 0.8 5.6 4.5 7
Temperature 350-600 24 3.1 75 7
V/II by AsHj variation 450 1.0-73 3.1 3.1-225 8
V/III by AsHj variation 580 0.4-1.6 5.6 2.3-8.8 4
V/II by TMGa variation 580 04-73 0.6-11.2 4.5 6
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FIG. 1. (a) A top-view SEM image of the initial Pd particles before
growth with a density of 11 um™2. In (b), the particle distribution from
a bimodal fit yields a dominant peak centered at 42 nm * 3 nm and
a minor peak at 56 nm from overlapping particles.

imaging direction, which always is shorter than the true
length. Therefore, the apparent growth rates of curly and
inclined nanowires have only been compared qualitatively,
side-by-side in SEM images.

Nanowire transfer for TEM analysis was performed by
gently sliding a lacey carbon covered copper grid across
the substrate. To ensure that representative nanowires
from the entire sample were transferred onto the TEM
grid, the mechanical transfer was applied to the entire
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substrate area. A 300 keV JEOL-3000F (JEOL Ltd.,
Tokyo, Japan) was used to investigate samples prese-
lected by the SEM batch analysis. Nanowire crystal
structure was investigated by high-resolution (HR)-
TEM and selected area diffraction pattern (SADP)
analysis. For compositional analysis of nanowires and
postgrowth particles, EDX was carried out in scanning
transmission electron microscopy or in conventional
TEM bright field mode by converging the beam onto
the nanoparticle, the EDX was aided by Oxford INCA
software. The composition is represented in atomic %
unless otherwise stated, with an estimated single mea-
surement error of *2 wt% absolute. Table II shows
a mean of 4-10 different nanowires per sample and the
error is represented by the sample standard deviation.

Ill. RESULTS
A. Morphology and structure

Nanowire growth was observed over a large parameter
space with varying morphology; depending on growth
conditions, one or several morphologies coexisted on the
same substrate. To investigate the effect of growth
parameters on morphology the nanowires were divided
into three categories: curly, inclined, and vertical (Fig. 2).
To observe differences in crystal structure, growth di-
rection, and particle composition, TEM investigations
were done on samples where the different types coexisted
in reasonable fractions for statistical analysis.

Curly nanowires are defined by their frequently chang-
ing growth direction and numerous kinks. If grown for
long enough the nanowires appear to swirl or curl, hence
their name. See Fig. 2(a) for a SEM image of typical
curly nanowires with clearly defined particles, where the
width of the particle/nanowire interface varies across
samples with an average of 57 * 15 nm. The measure-
ments were done in angles nonperpendicular to the
nanowire/particle interface for 77 nanowires across 5
different samples, and this serves as a first approximation
of the particle size on curly nanowires. Figure 2(b) shows
a TEM bright field image of a curly nanowire. In
Fig. 2(d), a typical faceted particle with a nonflat in-
terface to the nanowire is observed. Note that the nonflat
interface is not necessarily a consistent feature of the
curly nanowires but has not been observed for the other
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nanowire types. The SADP in Fig. 2(e) from the observed
wire reveals a twinned zinc blende crystal structure. In
addition, in Fig. 2(c), HRTEM of the structure shows two
rotational twins, denoted as T, and T,. Occasionally curly
nanowires continue to grow along a single direction. TEM
of such nanowires reveal a flat particle/nanowire interface,
either inclined or perpendicular to the growth direction;
see (Fig. SI 2).

Inclined nanowires are defined as nanowires that grow
in a specific growth direction, inclined to the (111)B
substrate, and have no more than one clearly visible kink.
See Fig. 2(f) for a SEM image of inclined nanowires
grown simultaneously with curly nanowires (visible in the
background). Inclined nanowires are typically much lon-
ger than curly nanowires, interpreted as having a higher

TABLE II. Postgrowth gallium content of particles for different
growth settings acquired by EDX. The values are presented as the
mean Ga atomic % and the standard deviation of the distribution.

Temperature (°C) VI Ga content (at.%) Dominant wire types
450 0.8 40 £ 2 Curly

500 24 45 £ 2 Curly

580 0.8 67 = 13* Inclined > vertical
600 0.8 71 = 6" Vertical > inclined
580 12 47 + 5° Inclined

580 1.6 48 =3 Inclined

“Wide spread of compositions.

Curly

Inclined

growth rate. In addition, these particular nanowires have
four side-facets (only two of them visible in the SEM
images), a barely visible particle at the tip, and are tapered.
In Fig. 2(g), TEM image of a straight inclined nanowire
from the same sample is shown, grown in a (001) growth
direction with defect-free zinc blende crystal structure, as
observed by zinc blende stacking in the high resolution inset
[Fig. 2(h)] and SADP of the nanowire [Fig. 2(j)]. In Fig. 2
(i), the particle diameter is observed to be 25 nm, with
a hemispherical or truncated spherical shape. Note that this
is considerably smaller than the initial Pd particle diameter
of 40 nm. EDX analysis shows that the particle consists of
about 50% Ga and 50% Pd. Other growth directions are
also expected from extensive SEM investigations, due to
common orientations not consistent with (001) and the
presence of nanowires with more than four facets; however,
other specific orientations have not been confirmed.
Vertical nanowires are defined as nanowires that are
growing straight and vertically aligned to the GaAs (111)
B substrate and are thereby presumed to grow in a (111)
B direction. See Fig. 2(k) for a SEM image of a vertical
nanowire, which shows tapering and an apparently
hexagonal cross section. This is similar to gold-seeded
nanowires grown during the identical run; however,
gold-seeded nanowires were observed to be shorter, see
Fig. SI 3. In Fig. 2(I), a TEM bright field image of
a straight nanowire from a sample with mostly vertical

Vertical

FIG. 2. (a) SEM image (30° tilt) of a typical curly nanowire grown at 500 °C and a V/III ratio of 24. (b) TEM image of a nanowire from the sample
shown in (a), with a 75 nm wide particle and a nonflat particle/nanowire interface observed in (d). A twinned zinc blende crystal structure is
observed from the inset in (c) and confirmed in the SADP of the wire in (e). (f) SEM image (30° tilt) of typical inclined nanowires grown at 580 °C
and a V/III ratio of 1.2. (g) TEM image of a nanowire from the sample shown in (f), with a 25 nm particle/nanowire interface observed in (i). A
defect-free zinc blende crystal structure and (001) growth direction are deduced from the SADP in (j) and the inset (h) from the wire in (g). (k) SEM
image (30° tilt) of a typical vertical nanowire grown at 590 °C and a V/III ratio of 0.8. (I) TEM image of a vertical nanowire grown at 600 °C and
a V/III ratio of 0.8, with a 22 nm truncated spherical particle observed in (n). A mixed crystal structure and a (111) growth direction are deduced

from (m) and FFT of the wire in (0).
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nanowires shows numerous rotational stacking defects
and the fast Fourier transform (FFT) [Fig. 2(0)] confirms
growth along a (111) direction. In Fig. 2(n), the particle is
22 nm in diameter and spherical (notably smaller than the
initial Pd nanoparticle diameter of 40 nm). Additionally,
EDX analysis of the particle shows a high Ga incorpo-
ration of 75%. Occasionally, vertical nanowires of
varying length and particle size are also observed within
the same sample, and the side facet smoothness varies
(Fig. SI 4).

B. Effect of growth temperature

Investigation of the effect of temperature was per-
formed for two V/III ratios; see Fig. 3 for a V/III ratio of
0.8, Fig. 4 for statistics on straight wires at this V/III
ratio, and Fig. 5 for a V/III ratio of 24.

®

590 °C

)

FIG. 3. Temperature series at a V/III ratio of 0.8, represented by 30°
tilt SEM images. (a and b) Below 520 °C only curly nanowires are
present. (c) At 550 °C, a mixture of nanowires is observed, including
inclined nanowires. (d—f) The relative yield of vertical nanowires

for i p and at 600 °C the majority of
nanowires are vertical. In addition, the substrate surface is considerably
rougher after growth at this temperature. Arrows indicate particles on
the substrate (presumed to be Pd) that are not associated with
a nanowire.
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Figure 3 at a V/III ratio of 0.8 shows nanowires from
a temperature series grown between 450 and 600 °C. At
the lowest studied growth temperatures (450520 °C) only
curly nanowires are observed. At 550 °C inclined nano-
wires and occasional vertical nanowires are observed in
addition to curly nanowires. However, compared to lower
growth temperatures, especially to 450 °C, it is clear that
the density of curly nanowires is lower. At 570-600 °C,
very few curly nanowires are observed and most nano-
wires are either vertical or inclined. At the highest
temperature investigated, 600 °C, we observe mostly
vertical nanowires and a considerably rougher substrate
surface. The total density of nanowires decreases with
temperature, although the initial Pd nanoparticle density
was identical for all samples shown here. Hence, not all
particles form nanowires at higher temperatures, as is
clearly observed from the particles visible on the substrate
surface (with examples highlighted using arrows in Fig. 3).

Both vertical and inclined nanowires are observed
throughout the temperature range of 550-600 °C, but
the relative yield changes with growth temperature; see
Fig. 4(a). There are more inclined nanowires than vertical
for all but the highest temperature studied, 600 °C. Vertical
nanowires are observed first at 550 °C, and the density
increases for temperatures up to 590 °C and then
decreases. Similarly, inclined nanowires are observed at
550 °C and the density increases for temperatures up to
570 °C and then decreases (inclined wires are occasionally
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FIG. 4. (a) Yield of inclined and vertical nanowires normalised to the
initial particle density for a V/III ratio of 0.8 and growth temperatures
from 550 to 600 °C. This shows that the formation of vertical
nanowires is promoted by a high growth temperature. (b) The mean
length of vertical nanowires d with increasi 2
(error bars represent the standard deviation).
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200 nm

550 °C Md)

FIG. 5. Temperature series at a V/III ratio of 24, represented by 30° tilt SEM images. (a and b) Curly nanowires are observed at lower temperatures
while (c and d) at higher temperatures fewer nanowires and substrate growth near the nanowire base are observed.

observed even at 520 °C) Furthermore, the average length
of the vertical nanowires decreases with growth tempera-
ture [Fig. 4(b)], and varies considerably within the same
sample.

Figure 5 shows SEM images of selected samples from
a temperature series with a V/III ratio of 24; only selected
temperatures that represent the major observations are
shown. Note that for the 350 °C sample, a lower initial Pd
particle density was used; however, density effects were
observed to be negligible (see Fig. SI 5). For temper-
atures up to 400 °C, only very short nanowires are
observed. Up to 500 °C, the typical curly nanowires
described in connection with Fig. 2 are observed.
However, at 550 °C and above, extensive substrate
growth is apparent, especially at the nanowire base. In
addition, occasional inclined nanowires similar to those
grown at lower V/III ratios have been observed at 550 °C.
Similarly, to the temperature series at a V/III ratio of 0.8
a decrease in nanowire density is observed at temper-
atures above 550 °C. The effect is best illustrated at the
highest temperature, where higher contrast spots indicate
Pd particles that have not initiated (nanowire) growth.
Consequently, the main effect of temperature at this V/III
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ratio is first an increase of growth rate, followed by
a small region where inclined nanowires exist, and
a transition to substrate/radial growth and reduced nano-
wire density. The full series is included in Fig. SI 6.

C. Effect of V/II ratio

Three V/III series were performed: two at 580 °C by
varying either the AsH; (Fig. 6) or TMGa (Fig. 7) molar
fraction and one at 450 °C (Fig. 8) by varying the AsHj
molar fraction.

Figure 6 shows results from the V/III series performed
by changing the AsHj supply at 580 °C. At a very low
V/II ratio of 0.4, only short vertical nanowires are
observed, while at a V/III ratio of 0.8, longer vertical
nanowires and curly nanowires can be observed. At V/III
ratios of 1.2 and 1.6, very long inclined nanowires can be
recognized. In addition to the inclined nanowires, a larger
number of shorter curly nanowires also exist on the
substrate. An increase in growth rate with increasing
AsHj is apparent from the increase in total volume of the
nanowires, especially noticeable for straight nanowires.
In comparison to the temperature series in Fig. 3, a similar
morphology change from mixed nanowire types to
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V/Il =0.4

(b)

FIG. 6. V/II series at 580 °C by changing the AsHj supply, represented by 30° tilt SEM images. Increasing the V/III ratio controls the transition
from (a) vertical, to (b) vertical and curly, to (c) inclined and curly, and (d) mostly curly with some inclined nanowires. In addition, a dramatic

increase in nanowire length is observed.

mainly vertical nanowires is observed for decreasing
V/II ratio (decreasing AsH; flow).

Figure 7 shows a V/III series performed by changing
the TMGa supply at 580 °C. Similar to the AsHj series,
a transition from vertical to mixed nanowire types is
observed for increasing V/III ratio (decreasing TMGa
flow). However, for this series, an increase of growth rate
with increasing V/III ratio is not observed. This is perhaps
reasonable since in the former case, we were increasing
AsHj, while here we decrease TMGa—indicating that the
growth is As-limited. In addition, substrate growth near
the base of the nanowires is substantial for V/II ratios
above 2.4.

Figure 8 shows SEM images of selected samples from
a V/III series performed by varying the AsHj supply at
a growth temperature of 450 °C; selected samples are
shown to represent the major observations. At V/III ratios
below 1.8, only large particles compared to the initial Pd
particle size are observed. For V/III ratios above 6.5, the
nanowires are curly, and further increasing the AsHj flow
causes no perceivable effect. This suggests that AsHj
flow controls the growth rate at low growth temperatures
and low V/III ratio (V-limited regime) but not at high
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V/II ratio (I1I-limited regime). Note that for a V/III ratio
of 6.5 a lower particle coverage of 1.5 pm™2 was used.
Images of the complete V/III series are given in Fig. SI 7.

D. Particle analysis

Table II summarizes the EDX analysis of the post-
growth particle composition depending on growth
parameters and the dominant nanowire type of the
sample. Only two samples show a very high Ga content,
grown at a V/III ratio of 0.8 and temperatures of 580 and
600 °C. These are also the two samples with the highest
proportions of vertical nanowires. However, the particle
compositional analysis of nanowires grown at 580 °C
and a V/III ratio of 0.8 shows a large standard deviation
in Ga content strongly indicating that the composition of
the particles varies. At lower temperatures and higher
V/II ratios, the average Ga content was below 50% and
the variation within each sample was lower. The vast
majority of the particles showed an As content below
the detection limit of the EDX analysis, however
particles had up to 9% As, possibly originating from
the nanowire.
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V/Il=04 (b)

‘l

FIG. 7. V/II series at 580 °C by changing the TMGa supply,
represented by 30° tilt SEM images. For a decreasing TMGa flow
(increasing V/III ratio) a transition from (a—c) vertical to (d—f) curly
nanowires can be observed.

To relate the postgrowth particle size to the known
initial Pd nanoparticle size, a basic model was assumed to
calculate the expected postgrowth size of a Pd—Ga alloy
particle. We assumed a spherical particle and linear
density dependence for x of Pd,Ga,; .. The expected size
increase with Ga incorporation is shown in Fig. 9,
modeling the increase in size for 40 and 30 nm particles
as a function of Ga incorporation. From the EDX
measurements, we know that postgrowth particles typi-
cally consist of 40-50% Ga and in some extreme cases up
to 80%. Assuming an initial particle size of 40 nm that
would yield almost 50 nm particles for 50% Ga and
70 nm particles for 80% Ga. Such particles have been
verified but, interestingly we have also observed particles
far smaller than expected, such as the 22 nm particle with
75% Ga in Fig. 2(n), clearly not consistent with an initial
particle size of 40 nm. This suggests that the nano-
particles may lose Pd either before or during the growth,
for example via particle splitting or incorporation into the
growing nanowire. Annealing tests were performed to
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investigate if the annealing process caused any such
effects, however, the results were difficult to interpret. To
investigate possible incorporation of Pd into the nano-
wire, EDX spectra were acquired from several nanowires;
however, the Pd signal was always below the detection
limit of 2 wt.%. Making some geometric assumptions of
truncated cylindrical nanowires, we calculate that the
relative mass of the Pd nanoparticle is less than 0.2 wt.%
for the two straight wires in Fig. 2. Thus, it is difficult to
verify by EDX whether Pd has been incorporated.

IV. DISCUSSION

We have observed the formation of three different
nanowire morphologies, denoted curly, inclined and
vertical. From the explored process parameter space, we
observe that high growth temperature and low V/III ratio
suppress curly nanowires and promote straight nanowire
growth. In parallel, we observe postgrowth a higher Ga
content in the particle for nanowires grown at low V/III
ratio and high growth temperature, and particles have
a more spherical shape compared to the faceted particles
observed at lower temperature and higher V/II ratio.
From the Pd-Ga phase diagram,’' it is known that the
liquid phase is promoted by high Ga/Pd ratio and growth
temperature. Furthermore, for growth conditions for
which we observe both curly and straight nanowires,
the straight nanowires are much longer, consistent with
the faster growth rate often associated with VLS
growth.?*3? Therefore, we propose that the two straight
nanowire types, inclined and vertical, are associated with
liquid particles, while curly wires are associated with
solid particles.

Curly nanowires have been observed to contain mul-
tiple rotational twinned zinc blende segments and some-
times to have a nonflat seed particle/nanowire interface.
Nanowire growth from solid particles has previously
been shown to occur by step/ledge-flow at the seed
particle/nanowire inlerface25'33; thus, it has been
proposed that such an anisotropic interface induces
twin-mediated kinking, responsible for the curly mor-
phology.* A solid Pd-Ga seed particle may therefore
explain the observed curly morphology. Although VSS
growth is generally associated with lower growth rates
due to the lower bulk diffusion in solids than in liquids,
the absolute magnitude of the growth rate also depends
on the particle material. Solid Pd nanoparticles have
previously been shown in-situ to seed Si nanowires at
a remarkable rate, faster than nanowires grown with
liquid gold seeds.? This is consistent with our observed
curly wires, growing at rates similar to gold seeded
nanowires.

Previous work for Pd-sceded InAs nanowires™
reported a coexistence of curly nanowires with large
particles and inclined nanowires with small particles. The
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FIG. 8. V/II series at 450 °C by changing the AsH; supply, represented by 30° tilt SEM images. For an increasing AsHj;_ (increasing V/III ratio)
a transition from (a) low growth rate to (b—d) a higher growth rate is observed.
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FIG. 9. Estimated diameter of palladium particles after Ga incorpo-
ration, for 40 and 30 nm initial particle diameters.

authors proposed that small particles were more likely to
be liquid due to thermodynamic size effects, promoting
growth of straight (inclined) nanowires, while larger
particles remained solid and promoted curly nanowire
growth. It is also well known that small particles promote
growth directions such as (112) and (110).%>3¢ However,
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in this work, we have, for inclined and vertical Pd-seeded
GaAs nanowires, observed particle sizes much smaller
than what is expected from the initial particle size.
Therefore, it appears that the small particles are not
necessarily the cause of inclined and straight growth, but
may be a side effect of, for example, unintentional
incorporation of Pd into the nanowire. We speculate that
the formation of liquid Pd—Ga droplets (rather than solid
Pd—Ga particles) may lead to shrinking of the droplet due
to a reduced detachment energy.

On the other hand, previous work also shows that the
particle/substrate interface of a solid particle may control
the nanowire growth direction, leading to for example
Au-seeded (001) InAs®” and Ni-seeded (110) Ge.>* It
may instead be that all of the nanowires in this study
grow with solid particles, but that the different growth
conditions and Ga contents lead to different favorable
interfaces, in turn leading to the observed morphologies.
Since the EDX analysis reported here is performed
postgrowth, we cannot definitively conclude what the
phase of the particle is during growth. Nevertheless,
circumstantial evidence most strongly supports the hy-
pothesis that straight nanowires grow from liquid
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particles: These nanowires exhibit faster growth rates
than curly nanowires (for the same growth conditions),
more spherical particles postgrowth, and increased yield
(relative to curly nanowires) under conditions for which
liquid particles would be most likely to form.

For the explored parameter space, an increase in temper-
ature yields fewer nanowires, attributed to nucleation
difficulties. This is problematic for the use of Pd as a seed
particle, since it is desirable to achieve nanowires with
a high yield for specific growth directions. However, we
note that both the inclined and (especially) vertical mor-
phologies are most common for growth conditions where
nucleation is difficult. For future applications it is of great
interest to improve the nucleation, for example by using
a two-step growth procedure,™ starting at a different V/III
ratio or temperature. However, we have only observed high
nucleation rates for conditions leading to growth of only
curly nanowires, which is highly unsuitable if a controlled
growth direction is desired in the continued growth.

V. CONCLUSION

‘We have reported the growth of GaAs nanowires seeded
from size- and density-controlled Pd nanoparticles at
various growth temperatures and V/III ratios. The grown
nanowires show three different types of morphologies,
denoted as curly, inclined, and vertical. We show that in
principle it is possible to tune between these with growth
parameters, and among the straight morphologies confirm
at least two different growth directions, (111) B and (001).
We have shown that a low V/III ratio and high growth
temperatures, conditions that by EDX are shown to pro-
mote a higher Ga incorporation into the Pd particles, in
general promote straight nanowire growth. Differences
observed in apparent growth rate, composition and the
shape of the postgrowth particle suggest that only the
straight nanowire types were grown with liquid particles,
while curly nanowires most likely grow from solid
particles. Furthermore, we have seen evidence that Pd
may be lost during growth or annealing, as post growth
particle sizes far smaller than the initial size have been
observed. Our observations demonstrate that control of the
seed nanoparticle phase and composition during growth
may allow for selective tuning of nanowire growth
direction and morphology.
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