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Abstract

III-V semiconductor nanowires are high aspect ratio nanostructures with superior
properties that can potentially enhance the functionality of next-generation opto-
electronic devices. At present, the most reliable method for fabricating III-V
semiconductor nanowires is the particle-assisted vapor-liquid-solid growth using a
substrate-based growth process. However, a substrate-based process limits the
number of nanowires that can be produced per cycle and is an obstacle to the
industrial production of III-V nanowires. A viable alternative technology for the
high-throughput synthesis of II[-V nanowires is vital to exploit the true potential of
III-V semiconductor nanowires. Aerotaxy is a gas-phase vapor-liquid-solid growth
technology that can mass-produce III-V semiconductor nanowires without a
substrate. It reduces the cost of production by eliminating the need for a crystalline
substrate and can produce nanowires at a phenomenal rate.

This thesis explores the fundamental limits of the Aerotaxy technology in producing
III-V nanowires. GaAs and GaAsP material systems were adopted to explore the
fundamentals of Aerotaxy nanowire growth. Growth experiments were designed to
probe the growth parameter dependence of nanowire properties like morphology,
crystal structure and composition. In addition to that, the efficiency of in situ doping
(p- and n- type) in Aerotaxy was evaluated using optical and electrical
characterization techniques. The growth parameter space was explored to
demonstrate the reproducibility and efficiency of Aerotaxy nanowire growth. To
better understand the growth, a pseudo-particle continuum model for Aerotaxy
growth was developed. The results from the model shows good agreement with
experimental quantitative and qualitative observations.

The studies presented in the thesis also explores the fabrication of complex
nanostructures like branched GaAsP nanowires. By tuning the diameter of the initial
catalytic particle, we were able to induce branching in GaAsP nanowires. Apart
from that, GaAs nanowires grown from alternative metal particles like Ga, AuAg
and Ag in Aerotaxy shows promising initial results. Mass-producing III-V
nanowires using alternative seed metals that are compatible with Si could bring
novel functionalities while reducing production costs. The importance nano-safety
is also highlighted in the context of a high-throughput production environment.
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Popular science summary

The famous physicist and Noble Laureate Richard Feynman once delivered a speech
entitled ‘There is Plenty of Room at the bottom’. He was referring to the tremendous
potential of Nanotechnology and the ramifications of the ability to manipulate
material at the atomic-scale. Now, decades after his talk, we are surrounded by
nanoscale devices. Probably—right now—you are carrying billions of nanoscale
semiconductor devices in your pocket in the form a smart phone, wearing one on
your wrist or reading this very text on a smart device. These nanoscale devices are
at the heart of all the smart electronics that continually improve the quality our lives.
Interestingly, these devices are fabricated in a similar fashion to how one builds a
Lego structure by arranging Lego bricks; but instead of Lego bricks, material
scientists use nanoscale building blocks made from semiconducting materials.

Semiconducting nanowires belong to a class of nanomaterials that can be used as
building blocks, where several billion of them can be arranged together to fabricate
functional devices. Nanowires are rod-like structures that can be several
micrometres long, but only a few hundred nanometres wide. If they are made from
elements that belong to Group III and V of the periodic table, they are rightly
referred as I1I-V semiconducting nanowires. Researchers around the world hope that
nanowires can change our lives in the future by playing an active role in next
generation LEDs, solar cells, etc. In order for this to become a reality, an
inexpensive and precise method is required to mass-produce nanowires with perfect
crystallinity, uniform size distribution and composition. If one plants a seed, the
seed collects material and nourishment from its immediate environment to grow into
a tree according to the seed’s genetic blueprint. The common way to make
semiconductor nanowires is very similar to growing a tree; where gold seed particles
placed on a substrate is supplied with the necessary material and a nurturing
environment that encourages nanowire growth. But this method is time consuming,
has low production rate and needs an expensive substrate.

To manufacture the billions of nanowires that are needed to make functional
devices, novel synthetic techniques must be developed. The manufacturing
technique must be able to produce nanowires at a large scale with uniform
properties. In this thesis, I have investigated the synthetic Aerotaxy technology and
its potential to grow large quantities of III-V semiconductor nanowires in a
controllable fashion.
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Seed Particle Production Aerotaxy Reactor

Nanowires

Figure 1. lllustration of the Aerotaxy growth system. The growth process begins by evaporating gold and size selecting
the nanoparticles. The size-selected gold nanoparticles are sent through the heated Aerotaxy reactor, where Ill-V
material is mixed with the gold nanoparticles, and the wires grow on the nanoparticles. Afterwards, the nanowires can
be deposited on a substrate.

With Aerotaxy technique, nanowires can be manufactured without a substrate at
phenomenal rates (see Figure 1). Gold is evaporated in a furnace to form
nanoparticles in a gas similar to how clouds form. The gas containing the gold
nanoparticles is then sent through a growth reactor, where the gas temperature is
raised and mixed with growth material (III-V precursor material). Crystalline
nanowires grow on the gold particle at a phenomenal rate which is ~1,000 times
faster than when they are produced on a substrate. The nanowires can be collected
on any substrate and later incorporated into a suitable device. The whole process
from start to finish lasts for about 6s.

In this thesis, I have used the Aerotaxy technique to produce GaAs and GaAsP
semiconductor nanowires and investigated their opto-electronic properties. I used
these material systems to understand the fundamental processes that makes
Aerotaxy synthesis possible. Understanding and optimizing Aerotaxy growth is
crucial for incorporating nanowires into functional devices of the future. And the
insights obtained here will ultimately contribute towards building a sustainable and
technologically advanced future.
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1 Introduction

The machines of early 19" century powered by abundant fossil fuel hurled the
human society into an era of rapid development which continues to this day. Titans
like Michael Faraday and Walter Schottky laid a comprehensive foundation during
the 19" and 20™ centuries for contemporary semiconductor physics. The
point contact transistor developed in 1947 heralded the arrival of the semiconductor
era' and fast-tracked the progress of our civilization. As we begin to realize the
lasting repercussions of ongoing and relentless consumption, the world is currently
facing some of the greatest challenges of the 21* century. Out the many challenges,
the transcendence to sustainable and renewable energy sources should be our battle
of choice.

As of 2020, the estimated global share of electricity produced from renewable
sources like solar, wind, etc, in total electricity production is around 27.8%.>*
More than 115 GW of additional solar photovoltaic (PV) power generation capacity
was added in 2019. This additional PV capacity increased the electricity production
by 57% from the previous year, thus making PV the leading renewable electricity
producer.* Major cities and countries around the globe have adopted policies to
phase-out coal and to reduce emissions in the past few years. Crystalline Si solar
cells still dominate the PV market with average cell efficiency reaching 22.8% for
p-type monocrystalline solar cells.” Continuous developments has reduced PV
module costs, which dropped by 10% in 2020° compared to 2018. By increasing the
conversion efficiency and power capacity, the price of PV modules can be further
reduced. This emphasises the need for the development of next-generation, high-
efficiency PV technologies. Though crystalline Si solar cells still dominate the PV
market, in recent years the overall conversion efficiency of Si solar cells has barely
improved. Alternative PV technologies like II-V multi-junction solar cells,
perovskites and nanowire ensemble devices have shown promising development
i.e., their efficiencies have surpassed the efficiency of commercially available Si
solar cells. But, the raw materials and manufacturing processes used in these
alternative technologies are expensive and the manufacturing cost limits their use to
areas like space applications, where high production costs can be accommodated.

Nanoscale materials exhibit properties that are very different from their bulk
counterparts. Interesting properties emerge at this scale since the dimensions of the
functional components are on the same order as the charge carrier wavelength.
Furthermore, the large surface-to-volume ratio of nanostructures give rise to
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interesting optical, electronic, magnetic and catalytic properties. By engineering the
shape and size of these nanostructures, their properties can be exploited to fabricate
opto-electronic and mechanical devices with novel functionalities. These
engineered nanostructures due to their small size, inherently utilize less material
compared to their bulk counterparts, thereby reducing the overall production cost.

Nanowires

The semiconductor industry faces challenges that are complex and multifarious, but
most of these challenges can be combated by using a nanowire-like architecture.
Nanowires are rod-like, high aspect ratio structures that are few tens of nanometres
in diameter and several micrometres long. Being dimensionally close to the
wavelength of visible light, nanowires have interesting light-matter interactions,
providing a suitable geometry for the photoconversion process in nanowire solar
cells.” The small footprint of nanowire architecture and the possibility for efficient
strain relaxation enables the fabrication of heterostructures using lattice mismatched
materials with relative ease. Nanowires—in particular the ones produced by
combining elements from groups III and V of the periodic table—manufactured using
a gas-phase fabrication technique called Aerotaxy® and their characterization will
be the primal focus of this thesis. Nanowires can act as basic building blocks and by
assembling billions of nanowires together we can fabricate devices with complex
and novel functionalities. A variety of useful devices already utilize the nanowire
architecture for e.g. nanowire LEDs,’ solar cells,'® field effect transistors (FET)"!
and nanoscale lasers,'? etc.

Semiconductor nanowires can be synthesized either by ‘Top-Down’ or ‘Bottom-
Up’ approach. In top-down approach, the manufacturing process involves selective
etching of the nanowires from a bulk crystalline material using lithographically
defined masks in combination with chemical or physical etching techniques. In this
case, the composition of the nanowire is determined by the composition of the bulk
material. This approach is widely used in the semiconductor industry for
manufacturing Si-based opto-electronic devices. Silicon is well suited for top-down
nanowire synthesis as Si can be etched precisely into well-defined arrays with high
homogeneity.'* However, for III-V semiconductor nanowires, the etching process
always introduces surface roughness and other unintended effects which degrades
the useful electronic properties of the nanowire geometry.'* The ability to obtain
high-quality nanowire heterostructures like core-shell and superlattice
heterostructures makes the bottom-up approach preferable for III-V nanowire
synthesis.

In the bottom-up approach, a metal nanocluster/nanoparticle placed on a crystalline
substrate is heated above the eutectic temperature of the metal-semiconductor
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system in the presence of gas-phase semiconductor material-source. The gas-phase
semiconductor material mixes with the metal nanoparticle and forms a liquid metal—
semiconductor alloy. A continuous supply of semiconductor material from the gas-
phase creates a supersaturated liquid alloy. This supersaturation disrupts the
equilibrium of the system and results in nucleation of the solid semiconductor,
returning the system closer to equilibrium. The newly formed liquid—solid (L-S)
interface is the growth front and further nanowire growth will proceed at the L-S
interface. A constant supply of semiconductor material ensures that the liquid alloy
retains the supersaturation necessary for precipitation at the L-S interface. The
crystalline substrate also forms a vapor—solid interface (V-S) with the gas-phase in
addition to the existing vapor—liquid (V-L) interface. Nanowire growth will proceed
if nucleation at the vapor—liquid (V-L) interface is preferred over the V-S interface.
This kind of self-assembling manufacturing process gives precise control over the
electronic properties and the composition of the nanowire. The fascinating and
novel properties observed in the nanowire geometry present enough motivation to
develop a scalable synthetic method to produce III-V semiconductor nanowires.

Metal Organic Vapor-Phase Epitaxy (MOVPE) is a bottom-up approach and has
been used for manufacturing semiconductor nanowires since the early 90’s.'”
MOVPE can fabricate high-quality nanostructures on par with Chemical Beam
Epitaxy (CBE) and is an industrial standard for semiconductor thin film
manufacturing.'® The technology has evolved tremendously to keep up with market
requirements since the late 90’s. Current state-of-the-art MOVPE tools have multi-
wafer production capacity with in situ monitoring capabilities for process tuning
and can produce high-quality semiconductor thin films.'” However, for nanowire
growth, the technology is still in its early stage of development due to the inherent
complexity and the lack of a unified theory to explain nanowire growth. MOVPE
nanowire growth generally involves expensive crystalline substrates that require
some level of pre-processing to achieve nanowire growth. Using an expensive
substrate with limited space effectively limits the number of nanowires that can be
grown while increasing the cost of production.'®

In order for the semiconductor industry to consider nanowires as a viable alternative
to planar devices, a cost-efficient and high-throughput nanowire production method
is essential. Aerotaxy is a patented'” growth technology that serves this exact
purpose by producing nanowires continuously without a substrate. Aerotaxy
provides a platform to produce III-V semiconductor nanowires with tunable
properties. While Aerotaxy is still in its early stages of development, it exploits the
high-volume production capability of continuous gas-phase production techniques.®
In this thesis, the Aerotaxy growth technology is described and its unique
capabilities are emphasized. Results obtained from various experiments performed
with the Aerotaxy tool are discussed in detail. Nanowire properties like
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composition, doping, length, bandgap, carrier concentration and their relation to the
controllable Aerotaxy growth parameters are summarised.

Scope

The topic of this dissertation is fabrication of III-V semiconductor nanowires using
the gas-phase Aerotaxy technique and their characterization. Production of doped
and undoped GaAs and GaAsP nanowires and their characterization is the main
premise of this thesis.

In Chapter 2, theoretical framework for both VLS growth techniques namely
MOVPE and Aerotaxy are discussed. The two methods are compared and their
differences are highlighted.

In Chapter 3, an overview of different techniques used to characterize the Aerotaxy
grown III-V semiconductor nanowires is provided.

The qualitative and quantitative findings common for Aerotaxy grown III-V
nanowires are discussed in Chapter 4. Results from Paper I, 111, V, VI and VII are
highlighted in this chapter.

Chapter 5 discusses in detail about the importance of Nano-safety in a gas-phase
nanomaterial production environment. Details about the custom built Aerotaxy tool
is presented in this chapter along with highlights from Paper I and IV.

The final chapter presents the concluding remarks.
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2 Semiconductor Crystal growth

This chapter introduces the fundamental concepts of semiconductor crystal growth
like nucleation, supersaturation and the thermodynamic driving force. An overview
of the two closely related nanowire growth methods, (i) MOVPE and (ii) Aerotaxy
is presented. Description of Aerotaxy nanowire growth builds on the concepts of
crystal growth and MOVPE.

The III-V semiconductor nanowires discussed in this thesis were fabricated using
the gas-phase Aerotaxy technique. In Aerotaxy, gaseous hydride and metal-organic
(MO) precursors precipitate into a crystalline phase in the presence of a liquid alloy
droplet, which occurs through the so-called vapor-liquid—solid (VLS) growth mode
as first described by Wagner and Ellis.”® The alloy droplet acts as a collector to
concentrate the precursor species from the vapor phase. This process is mainly
controlled by temperature, pressure, precursor partial pressures, precursor flux
ratios and gas flow rates. The VLS crystal growth can be tailored by varying any of
the previously mentioned parameters. The growth temperature for instance governs
precursor decomposition and interfacial kinetics. As the name suggests, components
of a VLS system may exist in one of the three phases and their chemical potentials
are determined by the thermodynamic properties of the growth system. If the growth
conditions are tailored such that the crystal (solid) phase has the lowest chemical
potential, the system favors crystal growth. This favorable chemical potential
gradient, which is influenced by the growth temperature, is called the
thermodynamic driving force. Various other processes that are vital for VLS crystal
growth like Brownian diffusion, thermal evaporation and condensation has an
obvious dependence on the temperature. Decomposition of metal-organic
precursors like trimethylgallium (TMG) is enhanced at high growth temperatures.*'
Apart from that, growth temperature governs many aspects of VLS growth due to
its influence on phase transitions, interface kinetics and precursor flux density.

The growth rate and crystal structure of GaP nanowires were found to be influenced
by the precursor flux ratio,”> which reflects the relative proportions of precursors
present in the gas-phase. Engineering the alloy droplet by tuning its shape, size and
composition has been reported to improve the thermal stability of GaAs® nanowires
i.e., it reduced the probability of particle-assisted thermal decomposition of GaAs
nanowires during growth. It is also possible to grow complex nanostructures like
nanotrees,’* tetrapods,25 horizontal nanowires,”® branches*”*® and other 3D
nanostructures through droplet engineering (Paper I11).
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2.1 Concepts in Crystal growth

Naturally occurring crystals usually start out as a liquid and as the liquid cools, the
atoms, ions or molecules in the liquid come together to form an ordered crystalline
solid. This crystallization/solidification usually nucleates from a single nucleus or
crystallites from multiple nuclei meet each other to form a unified growth front.
Crystal growth is in principle a transformation from one phase to another resulting
in a crystalline solid (most crystals are solid). If we consider a simple III-V
semiconductor like GaAs, the vapor phase (v) consisting group I1I (TMG) and group
V (AsH3) precursors transforms into a crystalline solid phase (s) in a controlled
environment. The overall reaction can be written as:

Ga(CH3)3(v) + AsH;(v) — GaAs (s) + 3CH, (v). 2.1

2.1.1 Thermodynamics and Kinetics of crystal growth

Thermodynamic studies of phase transitions by J. Willard Gibbs (1839-1903)* in
a heterogenous system laid the foundation for our understanding of contemporary
crystal growth. In a typical solid material, inter-atomic and intermolecular cohesive
forces determine the structural dynamics and phase of the solid. Phase transitions in
a system can thus be studied using the intermolecular chemical potentials or
particle—particle interactions. As mentioned earlier, semiconductor crystal growth
deals with phase transitions which can be readily described using classical
thermodynamics. And by combining the kinetics of processes at the nanoscale with
the thermodynamic description, a clear understanding of crystal growth can be
achieved.

Chemical Potential

From a thermodynamic perspective, phase transition occurs in the direction of
declining chemical potential, which is defined as the rate of change of Gibbs free
energy (G)***' with respect to the change in number of atoms or molecules of
reactive species. Chemical potential quantifies the inherent capacity of a material
for change or phase transformation.** The individual reactions in a system are driven
to minimize the free energy of the system so that the different phases eventually
attain equilibrium in terms of chemical potential. Chemical potential can be defined
in terms of change in Gibbs free energy as:

e () 2

PT,Njzx

where . is the chemical potential of species x with a small change in the number of
moles N, at a given pressure P and temperature 7. Thermodynamic equilibrium can
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only be achieved in a closed system,*® which is not possible during crystal growth
due to a constant influx of precursor material. This constant influx of precursor
species ensures the presence of a chemical potential gradient that favors crystal
growth. If we consider a vapor-phase epitaxy system like MOVPE with three phases
(vapor, liquid, solid) and their respective chemical potentials (W, 1, Ug), then
crystal growth is favored when the chemical potential of the solid phase is the
lowest:

My D> W D . 2.3

For example, if the difference in chemical potential between the vapor and solid
phases (Ap,_s) is positive, the thermodynamic driving force favors crystal growth
and if the difference is negative, material is removed from the crystal phase and is
called reverse growth or melting. This potential gradient also determines the rate at
which material is added to or removed from the crystal phase.

Thermodynamic Supersaturation

In this section, the term supersaturation is used to denote the driving force of
crystallization. A single component system with two infinitely large phases a and
B with their respective chemical potentials W, and g, is said to be in equilibrium if

it satisfies eq-2.4:
where T is the temperature and P is the pressure that are equal for both phases. The

boundary lines in the phase diagram®® (Figure 2.1) separating two phases of a typical
one component system must satisfy eq-2.4.
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Figure 2.1. Phase diagram of a one component system. The lines represent equilibrium/equipotential boundaries
between different phases S, L and V. The point at which two lines intersect is the triple point (O) that represents the
pressure and temperature at which all three physical states can co-exist.

If the pressure and temperature are varied along the boundary lines in Figure 2.1,
the corresponding phases satisfies eq-2.4 and are said to be in equilibrium. If the
conditions are changed so that we deviate from the boundary line, the chemical
potential of one of the phases becomes smaller than the chemical potentials in all
the other regions leading to phase transition. Phase transition also occurs if the
temperature is fixed while changing the pressure and vice versa. If phase S is solid
and phase V is vapor (similar to phase diagram of ice), increasing the pressure P
beyond the equilibrium pressure P, or reducing temperature 7' beyond the boundary
lines will lead to crystallization or sublimation (if P < P,). If P > P,, the vapor
phase should readily crystallize and the difference in chemical potential between
vapor and crystal phases (4p,_g) is called the supersaturation. Supersaturation is a
pre-requisite for a solid crystal-phase to appear in a saturated solution (not the case
for single-component system). So, by varying the vapor pressure under constant
temperature or vice versa, a potential gradient that favors crystallization can be
established. Without great detail, the supersaturation of a single-component ideal
gas system can be expressed as:

Ap=kTIhZ, 2.5
Py

where k is the Boltzmann constant. The potential gradient which is established
through careful manipulation of vapor pressure and temperature represents the
thermodynamic driving force of crystallization 2>
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Nucleation

Nucleation is a ubiquitous phenomenon in nature that occurs as part of formation of
rock, rain, fog, ice, etc. Classical nucleation theory suggests that, in order to ensure
thermodynamic stability, phase transition occurs in infinitesimally small steps
infinitely close to the boundary between the two phases.’’ This is referred as the
first-order phase transition. For atoms or molecules to nucleate into clusters, (i) the
system must gain energy by displacing matter from the vapor to crystal phase or
reduce its free energy and (ii) the cost of forming new surfaces/phase-boundaries
(nucleation barrier) must be low. The thermodynamic supersaturation (4Ap,_g)
given by eq-2.5, directly relates to the amount of energy the system will gain by
favoring crystallization and is measured in eV/atom-pair incorporated into the
crystal. So, the number of atom-pairs that constitute the nucleus determines the
amount of energy gained from crystallization, which is expressed in normalized
volume (V /02) of the nucleus.**

7
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Figure 2.2 Change in Gibbs free energy as a function of nucleus radius for the case of homogenous nucleation of a
spherical nucleus.

The surface atoms of an emerging nucleus must interact with the mother phase,
which poses an energy barrier that must be overcome. The surface energy y
expressed in eV/A, for formation and maintenance of new surfaces depend on the
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thermodynamic properties of the system, the type of material and the atomic
arrangement at the surface of the mother phase. Therefore, the energy barrier for
formation and maintenance of new surfaces depends on the areas (4) of the different
sides of a nucleus. The change in Gibbs free energy for nucleation (4Gy) is a sum
of thermodynamic supersaturation (4p,_s) and energy barrier for formation and
maintenance (¥ * A). The change in AGx for a nucleus that has i surfaces with area
A can be expressed as:

14
AGN = (Hy — Bs) 5+ ZiVid:- 2.6

Figure 2.2 plots the relationship between AG, and the size of an emerging nucleus.
If we consider nucleation in vapor-phase, the emerging nucleus is assumed to be
spherical, then the supersaturation term in eq-2.6 is proportional to 73 (where r is
the radius of the emerging nucleus) and the surface term is proportional to 2. While
eq-2.6 is true for a single-component system, the supersaturation term must also
account for the shape of the nucleus in a multicomponent heterogenous system. In
a multicomponent crystal growth process like VLS GaAs nanowire growth, the
shape of the initial nucleus also depends on the wettability of the growth surface
(i.e. wettability of the crystalline substrate) and the supersaturation term in eq-2.6
must reflect that. The term 7 in Figure 2.2 refers to the critical radius of the nucleus
and for any emerging cluster with size below the critical radius the surface energy
term dominates eq-2.6 and leads to decay of the cluster. Beyond r¢, the nucleus is
likely to grow in size and form a stable crystal phase the growth is now limited by
kinetics or mass transport into the crystal phase rather than the rate of nucleation. If
nucleation occurs spontaneously and with a uniform probability throughout the
system then it is called homogenous nucleation. The rate of homogenous nucleation
(J) 1s found to have an Arrhenius dependence on the rate of change of Gibbs free
energy i.e. the number of nuclei that appear in a unit volume per unit time, which
was approximated by Volmer*’*** using statistical thermodynamics as:

J, = Ae 46N (Tc)/kpT 27

where kg and T represents the Boltzmann constant and the temperature respectively
and 4 is the exponential pre-factor.

Role of Kinetic barriers

Previous sections presented a description of crystal growth based on the
thermodynamic state and phase transition. But there are kinetic barriers involved in
mass transport, gas-phase subprocesses and the associated chemical reactions. The
kinetic barriers represent the energy spent in processes like adatom migration,
surface diffusion and nucleation and is dependent on the direction of the reaction.

28



In a typical vapor phase crystal growth process, the incoming atoms can get
adsorbed on the growth surface through weak van der Waals forces (physisorption)
or become incorporated to the crystal phase through chemisorption.*'** The
chemisorbed atom can get desorbed through chemical decomposition. A detailed
treatment of kinetic barriers from the perspective of nanowire growth is presented
in section 2.3.2. The crystal growth rate has a dependence on all these kinetic
processes.
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Figure 2.3. A typical log (growth rate) vs inverse temperature plot of an epitaxial process. At low temperature, the growth
rate increases exponentially with temperature due to thermally activated processes. At intermediate temperatures, the
growth is transport limited and only has a weak dependence on the temperature. At high enough temperature, the
growth rate is reversed due to decomposition and deposition on the reactor walls.

Figure 2.3 shows the growth rate dependence on inverse growth temperature due to
the expected Arrhenius relationships among the rate constants. It maps the various
crystal growth regimes and their temperature range in a typical epitaxial process.
For low temperatures, the growth rate increases exponentially with the temperature.
This is because at low temperatures, the gas phase supplies precursors at a higher
rate and the growth is kinetically limited. For moderate growth temperatures, the
growth rate is independent of the temperature and depends mostly on mass-transport
to the crystal phase. At high temperatures, the growth rate becomes kinetically
limited once again. Nanowire growth is usually achieved in the low to moderate
temperature regimes. At this range, the thermally activated reactions like precursor
pyrolysis and diffusion occur with an exponential dependence on growth
temperature as seen in Figure 2.3.
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Diffusion

Surface diffusion of adatoms/molecules is a vital kinetic process in VLS nanowire
growth.*** In a typical epitaxial VLS growth, the vapor phase contains a constant
flux of precursor species, a small proportion of which may be partially pyrolyzed.
This incoming flux of adatoms can either physisorb on the surface or chemisorb if
they find a suitable site for incorporation. An adsorbed adatom might diffuse along
the surface if suitable adsorption sites are available. For successful surface diffusion,
the adatom must overcome the kinetic barrier of diffusion expressed in terms of
activation energy (Ep). The extent to which an adsorbed adatom can diffuse
depends on the mean-free path (1) of the adsorbed species, which has a temperature
dependence. This means that surface diffusion between suitable sites also has a
temperature dependence. The coefficient of diffusion D has an Arrhenius
dependence on Ep, and can be expressed as:

D = D e Ep/ksT 2.8

where D,, is the exponential pre-factor.

2.2 Nanowire growth

Previous sections introduced the basic concepts necessary to understand crystal
growth and phase transition. While they are generally applicable for semiconductor
nanowire growth, certain concepts that are unique to nanowire growth are
considered in the following sections. Additive bottom-up techniques used for
manufacturing semiconductor nanowires can be categorized based on whether a
catalytic particle or a mask is used to assist crystal growth. For particle-assisted
processes, depending on the physical state of the particle, the growth can take either
a VLS or a VSS*** (vapor—solid—solid for solid catalyst particles) route to initiate
crystal growth. The nanowire growth can also proceed as a self-catalysed reaction
without the need for a foreign catalytic particle.*’ A type of template assisted growth
referred to as Selective Area Growth employs an oxide mask with well-defined
windows created by lithography and selective etching. The growth of crystalline
nanowires occurs only within the pre-defined windows on the oxide mask.*®°
In particle-assisted growth, gold nanoparticles are the usual choice for seed material.
But alternative seed materials’’”? have gained much attention due to the
incompatibility of gold with Si-technology. VLS growth mechanism is the dominant
path for gold-seeded nanowire growth, but literature also suggests that it can either
proceed through VLS or VSS path depending on the reaction thermodynamics.>
This thesis deals primarily with Au and Ga seeded VLS nanowire growth using the
Aerotaxy growth platform.
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2.3 Metal Organic Vapor Phase Epitaxy

The process of crystal growth by assembling atoms or molecules in a piece-by-piece
additive fashion is called epitaxy, a Greek term which means epi-upon; taxis-
arrangement. While the nanowires in this thesis are fabricated using Aerotaxy, both
MOVPE and Aerotaxy processes overlap substantially. Both processes use MO
precursors and the VLS growth route to fabricate semiconductor nanowires. The
fundamentals of III-V nanowire growth in substrate based MOVPE are discussed
here so that it can be used to describe Aerotaxy nanowire growth in the subsequent
section. MOVPE is the most widely used epitaxial technique for the growth of
device-quality, crystalline semiconductor thin-films and nanowires. As the name
suggests, MOVPE is a vapor phase process, where material from the vapor phase is
condensed into a solid crystal phase. The growth process is controlled by
thermodynamics, interfacial kinetics and hydrodynamics. MOVPE usually employs
a crystalline substrate that serves as an atomic template for the incoming precursor
species to crystallize upon. Apart from MO precursors, hydrides like AsH; and PH;
are used to source group V elements for I1I-V nanowire growth. MOVPE is usually
operated in the moderate temperature regime (Figure 2.3), where the growth is mass-
transport limited and hardly exhibits any temperature dependence. MO and hydride
precursors are transported to the reaction environment in a carrier gas (Hz or N»).
The temperature and pressure controlled reaction environment is usually a quartz
tube within which, a crystalline substrate is placed on a susceptor. The precursors
can decompose through various pyrolytic mechanisms, but most commonly through
homolysis, i.e., where the atomic bond breaks and each atom departs with one
electron from the bond. The precursors can pyrolyse (homogenous pyrolysis) in the
gas-phase if the temperature is high enough. However, usually, most of the pyrolysis
happens in the presence of a surface (heterogenous pyrolysis). This decomposition
typically occurs very close to the substrate thus establishing a precursor
concentration gradient in the vapor-phase.** MOVPE typically involve numerous
vapor-phase and interface or surface reactions, a detailed description of which is
beyond the scope of this thesis. Therefore, only a general account of MOVPE which
is essential for the description of Aerotaxy growth is provided here.

2.3.1 Vapor-liquid—solid nanowire growth

As mentioned earlier, MOVPE can either take a VLS or VSS route for nanowire
growth.” But, in gold seeded nanowire growth; the VLS mechanism is found to
dominate the growth process. As the name suggests, VLS growth deals with the
phase transition of semiconductor material from vapor to liquid (precursors to Au
droplet) and then from liquid to the solid phase (liquid alloy droplet to nanowire).
Wagner and Ellis®® were the pioneers who described the VLS growth of Si
microwires (the Si wires were in the sub-mm range). In a typical VLS GaAs
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nanowire growth process, a liquid gold droplet alloys with Ga and assists in further
unidirectional growth of GaAs nanowires when exposed to As precursor. The
nanowires typically grow perpendicular (for [111] B substrates) to the crystalline
substrate and the initial location and size of the alloy droplet determines the location
and diameter of the nanowire. MO precursors are reported to undergo efficient
decomposition in the presence of a liquid alloy droplet.>

A typical VLS process consists of the following steps,

1. Surface preparation by deposition of the metal catalyst particles through
lithography or by aerosol deposition.

2. Surface treatment by annealing above the eutectic melting point to produce
liquid metal-semiconductor alloy droplets. This is referred as the pattern
pre-annealing; the pattern fidelity is reported to be improved by annealing
the deposited Au pattern in the presence of group III precursor.’’

3. Then, controlled nanowire growth is initiated by modulating growth
conditions such as the growth temperature, group III and V precursor fluxes
in a closed reaction environment.

For III-V nanowire growth in MOVPE, a crystalline substrate of suitable material
is patterned or deposited with metal nanoparticles. The substrate is then supplied
with gaseous group III precursor to from an alloyed nanoparticle. To facilitate
alloying, the temperature of the system is increased above the eutectic melting point
of the metal-semiconductor mixture. Above the eutectic temperature, the alloy
should exist as a liquid. It is obvious by now that nanowire growth is a non-
equilibrium process involving numerous kinetic and thermodynamic processes.
Similar to any epitaxial process, VLS nanowire growth occurs at positive
thermodynamic supersaturation gradient (4p,_s = W, — Wg). But, VLS nanowire
growth employs an intermediate liquid alloy droplet with a chemical potential y; to
mediate growth. In order to drive the phase transition, chemical potential of the
liquid phase must satisfy eq-2.3. Once the driving force is established, nucleation of
the crystal phase initiates and the nanowire growth is sustained by a continuous
supply of group III and V precursors. The supply of precursors is based on a pre-
determined V/III injection ratio and can be adjusted to precisely control the crystal
structure and morphology of the nanowire.”®’ According to eq-2.3, if
Ap,_s > Ap;_g, then the system will favor direct crystallization from the vapor
phase and does not follow the droplet-mediated VLS growth mode. Thus, the
importance of an intermediate liquid phase cannot be established with a simple
thermodynamic description.
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2.3.2 Interfacial Kinetics and Nucleation

Wacaser et al.*’, has studied the role of liquid alloy droplet in nanowire growth in

detail. Preferential nucleation at the triple phase boundary (TPB) or liquid—crystal
interface and the associated interfacial kinetics were reported to be important for
nanowire growth. In addition to that, direct growth from vapor to crystal phase is
suppressed, leading to highly anisotropic/preferential nanowire growth under the
liquid alloy droplet. As mentioned earlier, the energy penalty involved in creation
of new surfaces directly affects the nucleation barrier AGy according to eq-2.6. A
liquid alloy droplet introduces additional interfaces, which complicates our simple
assumption.

Vapor Liquid
m |

Crystal

Figure 2.4. Schematic illustration of various nucleation sites for a droplet assisted VLS nanowire growth: (I) crystal—
vapor interface, (Il) liquid—crystal interface, (Ill) triple-phase boundary (TPB).

If we consider a typical particle-assisted VLS growth process, the possible sites for
nucleation are the crystal—vapor interface (I), the liquid—crystal interface (II), and
the TPB (11I) as illustrated in Figure 2.4. Wacaser et al.®® assumed a flat and smooth
liquid—crystal interface and the change in Gibbs free energy AG for nucleation
events at sites I, II and III is given by:

AG; = —Ap,_n+ Phy,_., 2.9
AG” = —Ap.l_cn + Phyl—ca 2.10
AGy = —Apy_en+ P_chy;_c + Po_chyy—¢, 2.11

where Ap is the chemical potential difference per mole of atoms added to the
nucleus, the phases are denoted by subscripts v for vapor, [ for liquid and ¢ for solid,
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n is the number of moles added to the nucleus, y is the surface energy at the
respective interface, P is the nucleus perimeter and h is the height of the nanowire
(nanowire is assumed to be a 2D cylinder). A simple thermodynamic treatment
based on chemical potential energies reveals that site I is preferred for nucleation as
Ap,_. > Ap;_.. But, if we consider the surface energies, y;_. must be smaller than
Yv—c. As a collective effect, the nucleation barrier is lowest at site III/TPB as the
nucleus can modify its shape to minimize the surface energy contributions.® It is
important to note that the actual process is more complicated and our assumption of
a planar, smooth interface between the crystal and liquid droplet is an over
simplification.®!

Recent studies on Ge, Si and GaP nanowires revealed that the TPB is truncated, and
its morphology undergoes a periodical change.®® As a result of this periodic change
in morphology, the main liquid—crystal interface does not lie at the TBP. In this case,
the nucleation starts at the TBP, which modifies the morphology of the truncated
corner and the addition of new material proceeds with a lower nucleation barrier. /n
situ TEM studies have shown that the volume of the truncated corner oscillates
between a minimum and a maximum with the maximum volume being reached at
supersaturation followed by a non-linear decline towards the minimum with
addition of a new layer.®

Precursor delivery

In a MOVPE growth process, the building blocks of crystal phase are supplied as
gaseous MO precursors. For incorporation into the crystal phase, the precursors
must decompose into reactive species, so they can be incorporated through
chemisorption. One way to achieve this is to pyrolyze the MO precursors by heating
them either before or during crystal growth. Precursor decomposition is enhanced
in the presence of a foreign phase like a liquid alloy droplet® or a growth interface.
Most of the MO precursors are liquids and are stored inside a bubbler cylinder. A
carrier gas like N or H at a set flow rate Q.. is passed through the bubbler. At a
given temperature the MO liquid has an equilibrium vapor pressure P,,;,. The
bubbler pressure Pg is decoupled from the equilibrium vapor pressure by an outlet
pressure regulator. The total pressure of the system P;,; is controlled independently.
The carrier gas is bubbled through the liquid precursor which kept at a user-defined
temperature and pressure. After passing through the precursor, the carrier gas is
saturated with MO species. The partial pressure of a MO precursor Py, can be
expressed as:

_ Qcarr Prot
PMO - oMO> 2.13
Qtot Pg
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where Q¢ is the total flow in the system which is the sum of all the flows. The
hydride sources are available in gas-phase, and the partial pressure of a hydride
source Py with a flow Qy is given as:

Py = g—HPm. 2.14
tot
Surface Diffusion

VLS growth of III-V nanowires cannot be explained without considering the surface
diffusion processes that are partly driven by the thermodynamic potential gradient.
Group V hydrides like AsHs; and PH3 have a high vapor pressure and negligible
surface diffusivity and are incorporated into the droplet by direct impingement.®3¢°
Group III species like Ga and In typically have a low vapor pressure and long
diffusion lengths that are several micrometres long; surface diffusion of group III
species is reported to enhance nanowire growth rate by many orders of magnitude.®’
Studies have shown that more than 80% of In contribution in CBE grown InAs
nanowires is through surface diffusion of In adatoms.®® So, in addition to direct
impingement to the liquid droplet, group III species can also diffuse along the
substrate and nanowire surface (sidewalls) towards the growth interface. This
disparity in surface diffusion lengths between group III and V precursors can lead
to the axial growth rate being limited by the kinetics of group III adatoms.® The
area around the nanowire within one diffusion length 4, is referred to as the
collection area.®**® The collection areas may differ between nanowires of different
dimensions, where a thinner wire grows faster than a thicker wire if the growth is
surface diffusion limited.”” During the initial stages of growth, surface diffusion
from the substrate and nanowire sidewalls contribute to the axial growth rate. As
the nanowire continues to grow, the collection area on the substrate surface reduces
with its boundary (a sharp boundary is assumed for simplicity) still one A away from
the growth interface. Although additional collection area appears on the nanowire
sidewalls, this additional area gain is smaller when compared to what it used to be
on the substrate. This leads to a reduced axial growth rate with increasing growth
time and if the nanowire length exceeds 4, the growth rate remains almost constant.

If the nanowire pitch is assumed to be larger than the surface diffusion lengths, axial
wire growth can be described by mass transport through diffusion.” The nanowire
pitch of an ordered array is defined by the pitch of initial catalytic particle pattern.
In case of ordered arrays with a pitch smaller than the surface diffusion length, the
nanowires compete for resources, which leads to an overall reduced growth rate.*®
For GaP nanowires, the axial growth rate was found to increase with decreasing
pitch and the growth was said to be in a synergetic regime.** The synergetic growth
regime for GaP nanowires stems for from the partial pyrolysis of TMG at the surface
of the Au droplet. Such a localized decomposition creates a local precursor
concentration gradient around the Au particle accounting for the increased axial
growth rate.
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2.4 Aerotaxy

Bottom-up nanowire growth techniques, in general, require the use of an expensive
crystalline substrate. Although successful growth of crystalline nanowires on
amorphous glass substrates”"’? have been reported; an amorphous substrate greatly
modifies the wetting properties of the liquid droplet thus, directly affecting the
nucleation energy barrier.” Surface features of the substrate (similar to the features
on an amorphous substrate) are reported to direct the diffusion of the liquid alloy
droplet” 7 which leads to horizontal wire growth on top the substrate. Substrate-
based growth techniques come with an inherent limitation as the number of
nanowires that can be grown on a fixed area per unit time is finite.

Aerotaxy is a gas-phase VLS growth technique that can overcome the limitations of
a substrate-based process. The term Aerotaxy is a combination of Aerosol and
epitaxy which provides a brief description of the growth mechanism. Early work by
Knut Deppert and Lars Samuelson’® on the gas-phase conversion of Ga
nanoparticles to GaAs nanocrystals in a heated H» environment in the presence of
AsHj3 marks the inception of Aerotaxy. Paper I and Chapter 5 provides a detailed
description of the custom-built third generation Aerotaxy tool. The additional
concepts that are necessary to understand nanowire growth in gas-phase are
introduced in this section.

In Aerotaxy nanowire growth, an aerosol of size-controlled gold nanoparticles is
mixed with gaseous Group III and V precursors in a tube furnace. The Aerotaxy
process shares many similarities with a typical MOVPE process and they are listed
below,

e Both MOVPE and Aerotaxy uses MO and hydride precursors like trimethyl
gallium (TMG), diethyl zinc (DEZn), tetracthyl tin (TESn), Arsine (AsH3)
and phosphine (PH3) as III-V sources.

e The shape of the nanowire has a temperature dependence in both MOPVE”’
and Aerotaxy.?

e The dependence of nanowire growth rate on temperature under various
growth temperature regimes (Figure 2.3) is similar for both processes, and
growth is kinetically limited at low growth temperatures in both cases.

Major commonalties like these enable the application of MOVPE nanowire growth
theory to explain Aerotaxy growth. In order to better explain Aerotaxy nanowire
growth, some fundamental qualities of Aerotaxy growth are presented below.

e Acrotaxy is a substrate-free VLS growth process.

e Itis a high throughput, low-cost, continuous process.
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e Aecrotaxy is a high-pressure epitaxial process and the reactor is operated at
or near atmospheric pressure in contrast to the low and ultralow-pressure
epitaxial processes like MOVPE, MBE and CBE.

e Group Il and V precursors in Aerotaxy have relatively high vapor pressures
(~1 mbar)® compared to MOVPE.

e Nucleation and nanowire growth occur simultaneously, under same growth
conditions and on a very short timescale.

e The growth rate is ~1,000 times higher® than MOPVE.

e Due to the continuous and flow-through design of the Aerotaxy reaction
environment, the emergent nanowires are subjected to spatiotemporal
variation of vital growth parameters that control nanowire growth.

e [n situ characterization of growth in gas phase is beyond the tool’s current
capability.

2.4.1 Gas-phase nucleation

Similar to a typical VLS process, the thermodynamic supersaturation drives
nanowire growth in Aerotaxy. The process of nucleation in Aerotaxy occurs rapidly
and can be considered crudely similar to how water vapor in the atmosphere
nucleates on a tiny dust particle.”®

Group V inlet

Group III inlet
—
= a
Furnace i n
Seed Particle Production Aerotaxy Reactor

Nanowires

Figure 2.5. Schematic of the Aerotaxy reactor. Group llI (red), Group V (grey) and the Au aerosol (yellow) flows are
color coded for reference.

For Aerotaxy growth of GaAs nanowires, size-selected Au seeds are mixed with
TMG in the first stage of the reactor. This stage is maintained at a temperature above
the eutectic melting point of Au—Ga mixture (~430 °C) to encourage the formation
of a liquid alloyed droplet. This is similar to the substrate pre-annealing” process
employed in MOVPE. Decomposition rate of TMG is enhanced at the Au droplet’s
surface. The Au droplet spends only a fraction of the growth time in the alloying
stage of the reactor, but this duration is enough to form an alloyed droplet due to the
high Ga precursor pressure (typically few hundred Pa). The alloyed liquid Au—-Ga
droplet along with the excess TMG flows into the next stage of the reactor. This is
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the growth stage and is maintained at a temperature tailored for the material being
grown (~530 °C for GaAs nanowires). The alloy droplet is exposed to AsHj; in the
growth stage where the Group V adatoms directly impinge on the liquid droplet, and
most of the incoming precursor may get adsorbed onto the alloyed droplet. High
precursor pressures again play an important role as it ensures rapid saturation of the
droplet with Ga and As (schematized in Figure 2.6).

Group I Group V

Au 8000000 o83 ~=:.3:::
°.o'.:.: .o°.:

L o \,o.:'. ®

Position in reactor

Figure 2.6. Schematic illustration of liquid droplet supersaturation with group Il and V precursor species. The Au droplet
(yellow) is mixed with group Ill precursor species (green) in the alloying stage at a suitable temperature. The alloyed
droplet is exposed to group V precursor species (red) in the subsequent growth stage of the Aerotaxy reactor. The
particle becomes supersaturated with group Il and V species.

Initially, the excess Ga and As would homogenously nucleate/precipitate
somewhere on the Au droplet surface due to lack of a definite droplet—crystal
interface. Homogenous nucleation can be directly controlled by the degree of
supersaturation (non-thermodynamic) in the vapor phase.®® The high degree of
supersaturation in the vapor phase ensures the precipitation of GaAs crystallites—
barely larger than a few monolayers—on the surface of the liquid droplet. Continuous
supply of precursors at high partial pressure quickly replenishes the liquid droplet
with Ga- and As- species that are consumed during the phase transition. This drives
the supersaturated liquid droplet towards the next nucleation event. It is possible
that the next nucleation event might occur adjacent to or far away from the previous
crystallite; multiple nucleation events may also occur simultaneously. The
crystallographic orientation of the crystallites is determined by a delicate balance
between surface and interface energies.”” Thus, it is likely the case that multiple
nucleation events yield GaAs crystallite clusters that are not aligned with each other
(as seen in Figure 2.7).
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These crystallite clusters soon grow in size forcing the liquid droplet to one side of
the cluster as seen in Figure 2.7. Initially, the nucleation events might establish
numerous crystallographic orientations and the fast-growing facets among them
may taper into a point or extend towards the droplet edge, where further growth of
such a facet will halt. The fast-growing, high-energy facets will eventually disappear
leaving only the slow-growing facet.*’ ™ In case of Aerotaxy, this is the (111) B

surface which forms an interface with the liquid droplet. Once a stable direction is

established, further nanowire growth proceeds by adding more layers until
eventually the nanowire exits the growth stage.
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Figure 2.7. Schematic illustration of Aerotaxy nanowire growth. The Au droplet (yellow) precipitates IlI-V crystallites
followed by rapid supersaturation of the Au particle with group Il (green) and group V precursor species (red).
Eventually, a stable growth facet permeates the growth interface leading to VLS nanowire growth.

An important aspect of Aerotaxy growth that must be elaborated on is the
spatiotemporal variation in growth conditions. Since the Aerotaxy reactor is literally
a long tube without any physical boundaries between the different zones, it is
difficult to ensure a uniform and controlled growth environment over large volumes.
Despite our best efforts, the emergent nanowires will encounter a temporal variation
in growth condition. And as time passes, the hot walls of the reactor will suffer from
material deposition which further complicates our control over the growth process.

As a result, the nanowires grown in our system have considerable spread in their
physical and opto-electronic properties.

2.4.2 Rate-limiting steps

VLS nanowire growth at its core is a sequential chemical reaction whose rate is
determined by the slowest step. Based on the pioneering work by Givargizov® the
rate-limiting steps in [1I-V nanowire growth can be (i) mass-transport through the
phase boundary; (ii) chemical reactions or precursor pyrolysis; (iii) surface and bulk
diffusion; (iv) nucleation. Steps i—iii have been discussed already from a VLS
growth perspective in sections 2.1-2.3. For nucleation to be the rate limiting step,
the surface diffusion and direct impingement of growth species at the boundary layer
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must be faster than the nucleation rate. Johansson et.al*® investigated the high-

pressure growth rate limit that is applicable for Aerotaxy nanowire growth. The
growth rate was reported to be limited by the incorporation rate /, independent of
the operating pressure and nanowire radius. Since the incorporation rate is an
activated process, it has an Arrhenius dependence on temperature and can be
expressed as:

Eq

I =kge 87, 2.15

where k, is the exponential pre-factor and T is the growth temperature. As
mentioned earlier, Aerotaxy nanowire growth occur in conditions under which both
group III and V precursor pressures are sufficiently high. Under this condition, the
nanowire is reported to have the maximum axial growth rate and is only limited by
the incorporation kinetics of the growth species.
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3 Nanowire Characterization

Proper control over any fabrication technique can only be realized when there are
provisions for feedback on the quality of fabricated material. The relevant opto-
electronic properties of nanowires can be optimized by engineering their shape, size,
composition, etc. It is imperative to understand how such properties can be
controlled so that the nanowires can be fabricated in a predictable manner. Ideally,
in situ monitoring and characterization techniques using absorption, reflectance®’
and resonance® phenomena can provide rapid feedback about the effectiveness of
control over the fabrication process. Modification of the in sifu characterization
techniques and tools intended for substrate-based growth processes to suit the
Aerotaxy hardware was tedious and ineffective. Existing aerosol particle
characterization techniques cannot provide accurate information about nanowires
due to their anisotropic dimensions. /n situ, on-the-fly size measurements of
aerosolised carbon nanotubes (CNTs)**" based on gas-phase electrophoresis is
claimed to be a generic method suitable for measuring the size of any fibre like
material. However, the high production volume of Aerotaxy may either impede such
measurements or provide inaccurate readings. If in situ process monitoring were to
be developed for the Aerotaxy platform, it may dramatically reduce the complexity
and the time involved in parameter tuning and growth optimization. On the other
hand, ex situ characterization techniques like electron microscopy and
photoluminescence spectroscopy usually requires some level of sample preparation,
but are widely used as nanowire characterization tools. The rapid growth, high
production volume and the flow-through Aerotaxy production environment restricts
us to just ex situ characterization tools.

This chapter provides an overview of the characterization techniques used in this
thesis to investigate nanowire morphology, composition, crystal structure and
doping.

3.1Electron microscopy

A timeless approach to study an unknown object is to shoot a well-understood probe
at the unknown and recreate the unknown based on how it interacts with the probe.
Light microscopes, just like a human eye, use the photons that get reflected from an
object to analyse the microscopic characteristics of that object. The smallest
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resolvable distance in a visible light microscope is limited by the diffraction of light
to ~(4/2)-NA, known as the Abbe diffraction limit, where 4 is the optical wavelength
and NA is the numerical aperture of the microscope. This limit can be circumvented,
for instance, by using an immersed objective lens (as it increases the NA4). But in
general, imaging features below one-half the wavelength of the shortest visible light
(~200 nm) is difficult for a conventional light microscope. The wave—particle
duality of electrons is well documented i.e., electrons may be described either as a
particle or a wave. The wavelength of electrons in motion is given by L de. Broglie’s
equation as:

h
A= Tty 3.1

where U is the acceleration voltage in an electron microscope, e is the elementary
charge, m, is the electron rest mass and h is Planck’s constant. Since electrons
interact strongly with matter, if they are used as a probe, only a few microns of a
given material is enough to stop a high-energy electron. This means an enormous
amount of information about the material can be extracted when a suitable detector
is used to analyse the electron-matter interaction.’’ Since the accelerated electrons
carry a much higher energy than a photon, they have shorter wavelengths and the
spatial resolution limit can be improved by at least five orders of magnitude.’’ This
high spatial resolution makes Electron Microscopy an indispensable method for
characterization of nanostructures.

The two most commonly used electron microscopes are the Scanning Electron
Microscope (SEM) and Transmission Electron Microscope (TEM) and are briefly
described in the following sections. Both techniques use a well-defined electron
probe as an illumination source, but differ in their resolution, electron-matter
interaction and sample preparation methods.

3.1.1 Scanning Electron Microscopy

A standard SEM operates at a lower acceleration voltage (0.1-40 kV) in comparison
to a TEM. SEM typically have a resolution on the order of 1-10 nm and the
resolution is limited by the width of the electron probe and the interaction volume
of electrons in the sample. SEM samples typically do not require any special
preparation, making SEM a quick and essential ex situ characterization tool.

SEM is operated under high vacuum, without which the electron beam cannot be
generated nor controlled. All microscopes require three important parts to work: an
illumination source, a lens to focus the beam into a fine probe and a detector.
Electrons in motion only react to an electrostatic or a magnetic field. The
illuminating electron beam in a SEM can be produced by either thermionic or field
emission from a suitable filament. In the former, thermally extracted electrons are
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focused into a fine beam, while in the latter, a huge potential difference pulls the
electrons out of a filament tip.”* Field emission guns are preferred over thermionic
guns as they provide better spatial resolution and a monochromatic (coherent)
electron beam. The filaments in field emission guns also have a longer life.”* In a
SEM the electrons are successively focused into a fine probe using a series of
electromagnetic lenses and scanned across the sample. This series of
electromagnetic lenses collectively form the focusing optics and is called the
condenser lens system. Magnification depends on the ratio of the scanned area to
the area displayed on the screen. The number of electrons collected from a particular
position on the specimen determines the brightness of a spatially equivalent pixel(s)
in the displayed image i.e. contrast.

Y

Figure 3.1. SEM image of Aerotaxy grown GaAsP nanowires. The nanowires have a 80 nm gold seed particle at the
tip and display various morphological features like kinks and branches.

The incident electron beam can interact with the specimen either elastically or
inelastically and results in the generation of a multitude of signals including
secondary electrons (SE), back-scattered electrons (BSE), Auger electrons,
characteristic X-rays, photons, etc. The incident electron beam affects a larger
volume compared to the electron probe-width, known as the interaction volume.
Size of this interaction volume depends on the sample density, acceleration voltage
and the beam current.”® BSEs are elastically scattered through large angles and used
to be a part of the incident beam. They carry energies close to that of the incident
beam and can originate from deep within the interaction volume. Once they exit the
sample surface, they can be collected to form an electron image where the
compositional variation in the specimen translates to contrast in the acquired image
(depth and width of the BSE emission volume of the specimen decreases with
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increasing atomic number). Since BSEs can be generated anywhere within the
interaction volume, the resulting image has a poor resolution. SEs typically carry
low energy (few tens of eVs) and belong to the target specimen, originating very
close to the specimen’s surface. The incident electron beam inelastically knocks out
some of the loosely bound outer-shell electrons close to the specimen surface. If this
process imparts adequate kinetic energy to the electrons, they may eventually escape
the sample and be detected. As they are generated very close to the specimen
surface, they carry surface information and exhibit topography contrast.

Most Aerotaxy nanowire samples collected during my thesis work were inspected
in an SEM to check their morphology, distribution, texture, dimensions (diameter,
length) and kinking (Paper III). SEM provides a quick feedback on whether the
fabricated nanowires meet the desired morphology and dimensions.

3.1.2 Transmission Electron Microscope

TEM operates at a higher acceleration voltage (up to 400 kV for the majority of
specimens) and can provide much better resolution (down to the scale of an atom).
TEM detects the elastically scattered electrons after they pass through a thin sample.
As it requires ultra-thin samples, TEM investigation usually starts with sample
preparation where the samples are thinned down by mechanical grinding or ion-
milling.

The electron gun and the electromagnetic condenser lens system together form the
illumination system of a typical TEM. The type of electron gun used in a TEM
depends on the nature of the task at hand, but field emission guns are usually
preferred.”* The illumination system extracts the electrons from the gun to focus
them either into a fine spot (for scanning-TEM imaging mode and compositional
analysis) or a parallel beam (traditional TEM mode) to illuminate the sample. The
sample is placed on a specimen stage, which together with an objective lens system
is the heart of a TEM.” The electron beam after passing through the sample is
focused by the objective lens system located below the stage, onto to a set of
projector lenses through an aperture(s) that limits the beam width around the optical
axis. The projector lens system magnifies the incident image from the objective lens
onto a phosphor screen/CCD camera.

Crystalline nanowires, when illuminated with a parallel beam can produce a
diffraction pattern due to the ordered arrangement of atoms within the crystal. This
is achieved by careful manipulation of the various lens systems and inserting a
selective area aperture, that selects a particular area on the image to form a
diffraction pattern. Since diffraction patterns are related to the crystallinity of a
sample, one can also construct the diffraction pattern by applying fast Fourier
transform on a high-resolution TEM (HR-TEM) image. Contrast in a TEM image
is due to scattering of the incident electron beam by the specimen, which modifies
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its amplitude and phase. Variation in mass or thickness of the specimen can give
rise to amplitude contrast as the electrons either travel through different materials
or simply more material. Phase contrast imaging is achieved by removing the
objective apertures altogether and collecting both the diffracted and deflected
electron beams to form an image. The beams exhibit a difference in phase simply
due to the fact that they cover different distances in the specimen. This imaging
mode can be used to produce HR-TEM images. For a more detailed description of
the TEM and its various imaging capabilities, refer to the book on TEM by D.B
Williams and C.B Carter.”

TEM samples must have an ultrathin cross-section and nanowires have a thin cross
section by design, so Aerotaxy nanowires can be directly collected on to a TEM
sample grid and imaged without extra preparation. TEM investigations on Aerotaxy
nanowires were performed to extract information like crystallographic orientation,
lattice spacing, defect density, etc.

3.2 X-ray Energy Dispersive Spectroscopy

X-ray Energy Dispersive Spectroscopy (XEDS) is used to analyse the chemical
composition of a specimen using the inelastic beam—specimen interactions ina TEM
(or a SEM). The electron beam is focussed to a fine spot (Scanning TEM mode) to
perform XEDS characterization; the beam can be moved around the specimen to
analyse the elemental makeup of different features. Most of the electrons in the
incident electron beam interacts elastically with the specimen, but a fraction of them
undergo inelastic scattering. The incident electron beam can penetrate through the
outer shells of an atom in the specimen and interact inelastically by knocking off a
core-electron. This leaves a hole/vacancy in the inner shell and the atom is in an
excited state. The ionized atom can return to the ground state by refilling the
vacancy with a high-energy electron from one of its outer shell. Such a transition
will produce either a characteristic X-Ray photon or an Auger electron.” The energy
of the emitted X-Ray photon depends on the difference in energy between the two
shells that participate in the transition. Each element in the periodic table has a
distinct set of energy levels and therefore will emit X-Ray photons unique to that
element. There can be many such characteristic X-Rays emitted from an exited atom
and the collective spectrum can be used to identify different elements present in a
specimen. Computer controlled semiconductor detectors are used for signal
collection and processing. The emitted X-Ray signal is collected by a reversed
biased p-i-n detector, the signal is digitized and stored to a dedicated channel based
on the energy of the X-Ray signal.

Peak intensities of the collective spectrum depend on specimen properties like size,
density and ionization cross-section in addition to detector sensitivity and collection

45



angle.”* By comparing relative peak intensities, it is possible to quantify the different
elements present in the specimen relative to each other. XEDS is a powerful
analytical tool with both qualitative and quantitative capabilities. However, prior
knowledge about the specimen is important to be able to extract any useful
information.

XEDS was used to characterise the composition of Aerotaxy nanowires,
qualitatively understand nanowire doping (Paper II) and to analyse special surface
features like branches (Paper I1I).

3.3 Photoluminescence spectroscopy

Semiconductors are, to a large extent, characterized by their band structure. They
have a very small energy gap (bandgap) in their electronic band structure, spanning
a range of 0-6 eV.”” The valence electrons in an intrinsic semiconductor material
must always gain energy larger than this energy gap in order to become free
electrons. If external excitation is applied to a semiconductor, the electrons in the
valence band move across the bandgap to the vacant conduction band. The excited
electron first relaxes to the conduction band edge (lowest vacant energy level within
the conduction band) through non-radiative processes. The vacancy left behind by
the electron (hole) in the valence band undergoes a similar non-radiative process
and ends up at the valence band edge. The electron—hole pair then recombines by
emitting a photon with energy that’s equivalent to the energy released in the
recombination process. And if the excitation is achieved with light, then this process
is called photoluminescence (PL). Ideally, the energy of the emitted photon must be
equivalent to the bandgap of the semiconductor material under investigation. The
energy of the emitted photon depends only on the properties of the semiconductor
material and not on the source of illumination. However, at high illumination power
or in degenerately doped semiconductors, the electron concentration exceeds the
conduction band edge density of states (DOS) pushing the Fermi level well into the
conduction band; thus, increasing the effective bandgap energy. This increases the
energy of the emitted photon and such a shift in peak emission energy is known as
Moss—Burstein shift.”

3.3.1 p-PL Spectroscopy

u-PL spectroscopy is a powerful, non-destructive technique used to study the optical
response of nanowires at low temperature (to reduce thermal noise). In p-PL
spectroscopy, the emission spectra are typically obtained from areas that are on the
order of a micrometre, making it suitable technique for nanowire characterization.
By analysing the emission spectrum of a nanowire ensemble, information like
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electronic band structure, carrier concentration and crystal quality can be extracted.
As aresult, u-PL spectroscopy has become a routine characterization technique for
semiconductor nanowires. A typical PL spectrum of a semiconductor material can
have many distinct electron—hole recombination and corresponding emission peaks.
Therefore, prior knowledge of the material under investigation is important to
extract useful information from a p-PL spectrum.

In Paper II, low temperature (7 K) p-PL spectroscopy was used to evaluate the
doping concentration of Sn doped GaAs nanowires. The Si substrate carrying
randomly oriented Sn doped GaAs nanowires was bonded to a cryostat using
conductive Ag paste. Then the sample was cooled by pumping liquid helium
through the cryostat. A frequency doubled solid-state laser emitting at 532 nm was
focused on the sample to excite the sample with an excitation power density of ~200
W cm 2. The full width at half maximum (FWHM) of the PL emission peak obtained
is related to (Er — E(), where Er and E are the Fermi level and conduction-band
edge respectively. The carrier concentration was extracted from the Burstein—Moss
shifted spectrum by fitting the high-energy tail of the emission spectrum to the
estimated conduction band-edge DOS as described by Lindgren et al.”””® The
estimated doping concentration was then compared with data from electrical doping
characterization (section 2.4).

In Paper 1V, Zn doped GaAs nanowires were characterized using 4 K p-PL
spectroscopy to evaluate the doping concentration. The carrier concentration, in this
case, was estimated using a similar method as explained above.

3.4 Electrical Characterization

The concentration of free charge carriers in a semiconductor can be modulated by
doping the semiconductor with atomic impurities that have excess or fewer valence
electrons. Doping adds free electrons or holes to the semiconductor material.
Controlled doping is crucial for high-performance semiconductor devices as doping
modulates the conductivity, charge carrier lifetime, electronic band structure,
current density and carrier mobility. Although doping of bulk semiconductors is a
mature technology, doping of nanostructures is still a nascent technology that was
first investigated by Hiruma’s group.””'® The most common method to evaluate
doping in bulk semiconductors is through electrical characterization techniques like
Hall measurement. But electrical characterization of nanostructures is very
challenging compared to their bulk and planar counterparts. The small dimensions
of nanostructures require dedicated device fabrication techniques and unique
methodologies that are suitable for analysis at the nanoscale. Yi Cui et al.'” from
Lieber’s group were the first to develop a method for evaluating the charge carrier
concentration and mobility in Si nanowires using a back gated nanowire field effect
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transistor (NW-FET). Ever since, a standard method for -electrical
characterization'® of nanowires is to fabricate a NW-FET and perform transport
measurements on them. Other methods for doping evaluation include but are not
limited to four-point probe resistivity measurement, PL, secondary-ion mass
spectrometry (SIMS),'%* atom probe tomography (APT)'* and electron energy loss
spectroscopy (EELS).*+1%0

In Aerotaxy, doping is carried out in situ by mixing dopant precursors like DEZn
(for p-type) and TESn (for n-type) during nanowire growth. Adding dopant
precursors during Aerotaxy growth might have complex effects on the growth and
they are discussed in Chapter 4. In Paper II, NW-FETs (Figure 3.2 b) were
fabricated from Sn doped GaAs nanowires in order to perform four-point probe
measurements. The rationale behind fabricating a NW-FET and using it to perform
four-probe measurement must be explained here. Field effect characterization
measures properties very close to surface and relies on estimated gate capacitance
instead of the measured capacitance.'® FET measurements are also sensitive to the
contact resistance. Due to these drawbacks, data from four-point probe
measurement was used to measure the resistivity and carrier concertation was
deduced from literature. It must be noted, that four-point probe method deduces the
carrier concentration from literature instead of direct measurement and must be
verified through supporting characterization methods like PL spectroscopy.

The Sn doped GaAs nanowires collected on a Si substrate were manually transferred
to a pre-patterned, insulated (100 nm SiO, and 10 nm HfO,) Si substrate. The bottom
of the Si substrate was coated with 10 nm of Ti and 90 nm of Au to form the back-
gate contact. The nanowires were transferred by gently wiping a cleanroom tissue
on the Si substrate which contains the nanowires and then repeating the same motion
on the pre-patterned Si substrate. This process was repeated until a significant
population of nanowires was transferred (successful nanowire transfer can be easily
identified with a light microscope). After nanowire transfer, SEM maps of the
substrate were constructed in order to select suitable nanowires for contacting.
Figure 3.2 ais an SEM image that shows nanowire clusters with random orientations
on the pre-patterned Si substrate. The metal contacts and alignment crosses seen in
Figure 3.2 a were defined prior to nanowire transfer using UV lithography (UVL).
The alignment crosses were later used during electron-beam lithography (EBL) for
navigation on the substrate and high-fidelity pattern writing. The substrate was the
spin coated with a PMMA 950 A6 lift-off layer. Metal contacts (20 nm Pd, 80 nm
Ge, followed by 100 nm Au) were deposited after EBL by thermal evaporation,
connecting the NW-FET to the UVL defined contacts. In order to improve ohmic
behaviour, the contacts were then annealed at 280 °C for 30 s in a furnace. In order
to measure the resistivity of the NW-FET in Figure 3.2 b, current was passed
through terminals 1’ and ‘4’ while measuring the voltage drop at terminals ‘2’ and
3.
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Figure 3.2 (a) SEM image of randomly oriented Sn:GaAs nanowires on a pre-patterned Si substrate coated with 100
nm of insulating SiO2 on top; the alignment crosses that are visible in the image were used for EBL lithography to define
contacts to individual nanowires. (b) SEM image of a single NW-FET device that can be used for four-point probe
measurements.

Once the resistivity was calculated and the corresponding charge -carrier
concentration was deduced from literature.'” This method is only applicable for n-
and p-doped GaAs and if reliable data is available for other material systems, then
four-point probe measurement can be used to characterize doping concentration of
those material systems. As mentioned earlier, this method of carrier concentration
estimation must be supplemented with data from PL spectroscopy or other similar
evaluation techniques. This is due to that fact that, the measured resistivity of a NW-
FET is compared to data that was intended for bulk semiconductors. This is a very
crude approximation and even a small error in resistivity measurement is
compounded in the final estimation of carrier concentration.

In Paper 1V, the carrier concentration of Zn doped GaAs nanowires was estimated
through field effect (FE) measurements on NW-FETs fabricated using a process
similar to the one mentioned above. The contacts to the nanowire were Ti/Au
(10/180 nm) metal electrodes that was thermally evaporated after EBL patterning.
To perform FE measurement on a NW-FET (Figure 3.2 b) a constant source (1)—
drain (4) voltage was applied. The transfer characteristics of the NW-FET was
studied by sweeping back-gate voltage from —5 to 5 V and back in steps of 0.5 V.
The mobility and the carrier concentration can be extracted from the transfer
characteristics of the NW-FET. This method is more reliable than the one employed
in Paper II, but was still supplemented with optical measurements in Paper V.
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4 Aerotaxy III-V nanowires

Direct, in situ observation of VLS growth of gold seeded Ge nanowires in 2001'%

using a high-temperature TEM, demonstrated the generality of particle-assisted
growth and the potential for controlled synthesis of crystalline nanowires. Today,
semiconductor nanowire research is a multi-disciplinary frontier, with ongoing
efforts, directed both at understanding its fundamental limits and possible practical
applications. The journey from fundamental understanding to practical application
is often beset by factors like production capability, cost and safety. For example, the
advent of titanium dioxide nanoparticles in a wide variety of consumer products like
sunscreen, etc., is partly due to their industrialised production, apart from other
relevant physical and chemical properties.

The motivation behind nanowire research is to create a platform similar to the
existing planar device platform, while exploiting the novel properties offered by the
nanowire architecture. As a result, the nanowire research community around the
world primarily focusses on adapting planar semiconductor devices to the nanowire
geometry and investigating their behaviour. Consequently, optimizing growth
methods for smooth integration with existing platforms or incremental performance
optimization'”’ takes back seat. In order to establish the nanowire platform as an
alternative to the planar platform, both fundamental research and efficient cost-
reduction are indispensable. In this thesis, we attempt to bridge this gap by
investigating Aerotaxy’s capability to mass-produce crystalline III-V
semiconductor nanowires at low-cost. Aerotaxy has piqued interest in the nanowire
community due to its high growth rate and phenomenal production volume since
the beginning.

This chapter deals with properties of Aerotaxy grown III-V semiconductor
nanowires and is mainly based on Papers [-V, VII and other unpublished results.

4.1 Material system

A wide variety of materials including metals'® and perovskites'® can be fabricated
controllably into nanowires.”*!'*!"! III-V compound semiconductor nanowires are
particularly important due to their excellent optical and electrical properties that are
superior to their planar counterparts.''*!!* Most of them have a direct bandgap that
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can be tuned over a wide range by manipulating their stoichiometry.'" GaAs
nanowires are reported to be excellent candidates for monolithic integration on Si
multi-junction solar cells.'”” GaAs nanowire pn-junctions with excellent photo-
response have been realized previously using a multi-stage Aerotaxy setup.''®
Ternary GaAsP nanowires are of great importance due to their bandgap tunability.
Technically, GaAsP nanowires are alloys of two binary compound semiconductors
(GaAs and GaP) and their bandgap and lattice spacing can be tuned between the two
binary extremes by altering their stoichiometry. Bandgap tunability in
semiconductor nanowires is relevant for full spectrum photovoltaics.''* GaAs and
GaAsP material systems were adopted to investigate the fundamentals of Aerotaxy
growth. We designed studies to probe the effect of growth conditions on nanowire
quality and evaluated the efficiency of in situ doping (p- and n-type doping) in
Aerotaxy nanowires.

The following sections outline features common to GaAs and GaAsP nanowires
fabricated in the third generation Aerotaxy setup at Lund Nano Lab (LNL).

4.2 Morphology

Nanowires represent a broad class of one-dimensional (1D) nanostructures defined
mainly by their dimensional anisotropy. They can grow with a cylindrical,
hexagonal, square or triangular cross-section while preserving the dimensional
anisotropy.''”'"° Consequently, nanowires are reported to grow in a variety of
morphologies through intentional manipulation of growth conditions'®® or in
explorative studies. In substrate-based nanowire growth, morphology and growth
direction of the nanowire are said to be governed by seed particle diameter and the
properties of the substrate, i.e. crystallographic orientation, lattice spacing, etc.**
III-V semiconductor nanowires in particular are reported to prefer the (111) B
growth direction'?' irrespective of the growth mechanism. Aerotaxy experiments
spanning various growth conditions and material systems demonstrated a complex
inter-play of various growth parameters, exerting a collective influence on nanowire
morphology. Although it is hard to quantify this interdependency among growth
parameters and their influence on morphology in a system as complex as ours,
parameters like catalytic particle size and growth temperature were found to
consistently influence nanowire morphology. It is important to note that in an earlier
version of our tool,® growth time (either by varying the dimensions of the reaction
tube or by varying total gas flow) could also be tuned to modify nanowire
morphology.

Variations in morphology can be invoked by change in catalytic particle diameter
(Paper III), growth temperature and V/III ratio. Substrate-based VLS growth reports
a direct dependence between the final nanowire diameter and the initial seed particle
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size.®>*1227124 This is also the case for nanowires fabricated using Aerotaxy. To
illustrate this, SEM images of GaAsP nanowires grown from two different initial
particle diameters are shown in Figure 4.1. For same growth conditions, a smaller
catalytic particle produced a thinner nanowire compared to a bigger particle as
expected. The initial diameter of the catalyst particle determines the dimension of
the growth interface and in turn the diameter of the emerging nanowire. Typically,
the measured nanowire diameters are quite distributed with a standard deviation of
15-20% of the population average diameter. The standard deviation is presented as
a range here because different experiments provide slightly different results for the
measured deviation. This spread in nanowire diameter may be a consequence of
spread in the initial seed particle diameter or the spatiotemporal variation in growth
condition as explained in section 2.4.1.

Figure 4.1 SEM images of GaAsP nanowires grown from (a) 30 nm and (b) 50 nm Au particles. Scale bars: 200 nm
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Figure 4.2 SEM images of GaAs nanowires grown from 30 nm Au particles at reactor furnace set points of (a) 470 °C
(b) 500 °C (c) 530 °C (d) 560 °C (e) 590 °C (f) 620 °C, and at a V/Ill ratio of 1.6. A version of this image can be found
in Paper I.

In the study presented in Paper I, both the length and shape of the nanowires was
observed to vary under different growth temperatures. A tapered nanowire geometry
(i.e. a thicker base that progressively thins towards the tip), is commonly observed
under most growth conditions, and tapering was observed to be enhanced by high
growth temperature. This enhanced tendency for tapering can be explained by the
enhancement of kinetic processes at elevated temperature. The axial growth rate of
the nanowire is found to increase with increasing growth temperature. This
observation is not consistent with the results from traditional substrate-based
approaches,”®’® where the axial growth rate is reduced at elevated growth
temperature. Similar to nanowire diameter, we observe a spread in measured
nanowire length that deviates 15-22% from the population average. Unintentional
planar growth at the vapor—substrate interface starts to dominate substrate-based
processes’’ in the high temperature regime, but a similar growth condition in
Aerotaxy favors both axial and radial growth, leading to a long and tapered nanowire
geometry. This is illustrated by Figure 4.2 (a—f), that shows SEM images of GaAs
nanowires grown at different temperatures. High growth temperature also favors
parasitic reactions between the III-V precursors, producing III-V nanoparticles in
the gas phase (Paper I1). These parasitic nanoparticles either get collected or become
embedded in the nanowires (Figure 4.3). Alternatively, a tapered nanowire
geometry can also arise from a gradually shrinking particle—nanowire interface. But
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this is likely not the case for gold catalysed nanowires in Aerotaxy. However, when
Ga is used to catalyse the growth of GaAs nanowires (Paper III), the Ga particle is
consumed during growth, leading to a gradually shrinking particle-nanowire
interface.

Figure 4.3 SEM image of GaAs nanowires grown from 30 nm Au particles at V/IlI ratio of (a) 1.6 (b) 1.8 (c) 2.0 (d) 2.2
(e) 2.4 (f) 2.6 and at a reactor furnace set point of 530 °C. The parasitic particle density increases with increasing V/III
ratio. Scale bars: 300 nm. (Image adapted from Paper I)

Morphology was found to be dependent on the gas-phase V/IlI ratio (Paper I), which
is consistent with results from generic VLS nanowire growth reported in
literature.***>125126 However, the effect of V/III ratio on nanowire morphology is
quite complicated as a high V/III ratio can increase the probability of unintentional
reactions between the precursors, thus promoting particle production. The study
conducted in Paper I show that Aerotaxy nanowires have better morphology when
grown at a low V/III ratio, and the axial growth rate is slightly increased at high
V/III ratio along with unwanted particle production. At high V/III ratio, the axial
growth rate of InAs nanowires is reported to drop as increasing the group V
precursor flux reduces the diffusion length of group III adatoms,'*” this results in a
reduced axial growth rate as the adatoms that impinge on the collection area cannot
diffuse to the growth interface. However, in Aerotaxy, nanowire growth occurs at a
very high precursor pressure, where particle supersaturation is attained with relative
ease. As mentioned in section 2.4.2, for Aerotaxy growth, the axial growth rate is
not limited by the diffusion of adatoms/molecules due to very high precursor
pressures.
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4.3 Crystal Structure

The bulk III-V semiconductors, except III-Nitrides (III-N), exist in the cubic
zincblende (ZB) structure, while I1I-V nanowires typically exhibit a mixture of ZB
and hexagonal wurtzite (WZ) phase along the <111> growth direction.'?®3°
Though nanowire polytypes in literature are often unintentional, polytypism can
also be engineered by manipulating the growth conditions.’>*%128:12%:131

The prominence of the WZ phase in III-V nanowires is often attributed to the
formation of WZ nuclei at the triple phase line (site III in Figure 2.4) being
energetically favored.'*'** Control over crystal phase is usually achieved by tuning
growth temperature

135 136,137

parameters like particle diameter,'**'** dopant flow, and

V/III ratio."’

Figure 4.4 (a) TEM image of GaAs nanowire. (b) Hight-resolution TEM image (HR-TEM) of the region highlighted by
green square in (a) and (c) shows an FFT of the highlighted red square in (b) confirming that the nanowire has
zincblende-structure. (Image adapted from Paper |)

Aerotaxy I1I-V nanowires behave similar to bulk semiconductors i.e. our nanowires
prefer to grow with a predominantly ZB structure that is filled with multiple WZ
sections in between. GaAs nanowires grown in the first generation Aerotaxy setup
were found to exhibit growth temperature dependent mixing in crystal phase,
leading to polytypic nanowire growth at high temperature.® In our current setup,
studies involving various growth conditions and materials systems (Papers I, II, 11,
V and VII) show that the nanowires grow in a ZB (Figure 4.4) arrangement with
highest concentration of dense stacking faults near the nanowire base. High density
of stacking faults near the base might be due to the competitive, multi-crystallite
nucleation (section 2.4.1) in Aerotaxy. We have yet to demonstrate intentional
modulation of crystal phase by varying growth parameters. The ability to engineer
the crystal phase using our synthetic Aerotaxy method may enable low-cost
fabrication of nanowires with interesting electronic'” and thermoelectric'*®
properties.
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4.5 Composition

The composition of the nanowires can be tuned by controlling the particle assisted
VLS growth process and is essential for band-gap engineering."**'*" Ex situ
compositional analysis was performed either to confirm stoichiometric transfer of
material to the crystal phase or to evaluate dopant incorporation. Intentional
variation in composition is achieved by tuning growth parameters like V/III ratio,
dopant flows, group III and V precursor fluxes, shape and diameter of the initial
seed particle.'*

In our Aerotaxy setup, the dopant and group III precursors mix with the catalytic
particle in the alloying zone, which leads to the formation of a mixed alloy droplet.
In Paper 11, the composition of Sn doped GaAs nanowires was analysed to explore
the mechanism of doping in Aerotaxy. We attempted to modulate the charge carrier
concentration in the nanowires by directly altering the gas phase dopant injection
ratio, Xs, = [TESn]/[TMG]. TEM-XEDS analysis revealed a steadily increasing
Sn concentration in the catalytic nanoparticle with increasing Xs,. The amount of Sn
present in the seed particle was also found to increase with increasing growth
temperature for nanowires grown under the same Xs, This steady trend indicates
that the dopant concentration in the catalytic particle drives dopant incorporation
into the nanowire. Several studies show that the droplet-mediated dopant
incorporation is the dominant doping pathway in VLS III-V nanowire growth.'%%!4!
Typical n-type dopants are reported to have low solubility of in the catalytic
particle'® and in our case this may lead to a rapid accumulation of Sn in the
nanoparticle during the alloying stage of growth. The Sn concentration then gets
depleted according to the axial growth rate of the nanowire. This cycle repeats and
its effect was reflected in the axially non-uniform doping profile observed during
XEDS characterization of the GaAs nanowires.
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Figure 4.5 SEM image of Sn doped GaAs nanowire ensemble. At high dopant injection ratio, the nanowires have a high
density parasitic outgrowths/branches situated close the bottom.

p-type doping is notably more challenging in III-V semiconductor nanowires.'” We
attempted to dope GaAs nanowires with Zn at a constant growth temperature. XEDS
analysis performed on a few selected Zn doped GaAs samples revealed that the
catalytic particle was segregated into different elemental phases as shown in
Figure 4.6. Similar to Sn doped GaAs nanowires, the dopant concentration in the
seed particle increased with increasing Xz,. However, Zn doped GaAs nanowires
only showed evidence of Zn in the catalytic particle and not in the nanowire. The
measured Zn composition in the seed particle could be adjusted by varying gas-
phase Xz, indicating a linear dependence between the two. High solubility of Zn in
Au and low partial pressure of DEZn is believed to trigger a delayed onset of Zn
saturation in the catalytic particle compared to Ga.'*"'*? This should ideally create
an axial doping gradient along the nanowire, but no perceptible sign of such
gradients was observed in the Zn doped GaAs nanowires.
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Figure 4.7 (a) Overview TEM image of Zn doped GaAs nanowire grown at 530 °C. (b) XEDS elemental map of Au (c)
Ga and (d) Zn.

Metaferia et al'* demonstrated the growth of GaAsP nanowires with a tunable

bandgap using Aerotaxy. Composition modulation in this study was achieved by
varying the gas phase group V precursor fraction, X; = %. However, no
linear relationship between the gas phase X, and nanowire composition was
observed. This could be due to the difference in sticking co-efficient between the
two group V precursors. Across multiple studies conducted using Aerotaxy, the
nanowire composition roughly agrees with the gas-phase stoichiometry. However,
further studies are required to provide more quantitative conclusions about the

efficiency of compositional tuning in Aerotaxy nanowires.

4.6 Nanowire doping

Doping of nanowires is essential to functionalize the wires for novel and existing
opto-electronic device applications. Traditional semiconductor doping is carried out
by molecular diffusion or ion implantation, but very few studies adapt these
techniques for doping nanowires.'” Successful and controlled doping in III-V
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nanowires was first achieved by introducing the dopant impurities along with group
III and V precursors during VLS nanowire growth.”

III-V nanowire growth in Aerotaxy is inherently complex, even without considering
the doping. In situ doping in Aerotaxy, similar to MOVPE is achieved by
introducing the dopant precursors during growth. The effect of Zn doping on
Aerotaxy GaAs nanowire growth rate and morphology reports'*' conflicting
observations when compared to the Sn doping study reported in Paper II. This may
be due to difference in the type of dopants and the growth setup used for these
studies. For low to moderate levels of p-type doping using DEZn as a dopant
precursor, no direct impact on morphology or growth rate was reported.'*! During
p- and n-type doping studies conducted for this thesis, using DEZn (unpublished)
and TESn (Paper II) respectively, for high dopant injection the nanowire
morphology changed (illustrated in Figure 4.7) and the nanowires were shorter.

Figure 4.7 SEM images of undoped and Zn doped GaAs nanowires. The images illustrate the change in nanowire
morphology upon doping. Note the seed particle, which has expanded significantly due to the Zn concetration present
in the seed particle. Zn doped nanowires from this study was also used for the results published in Paper IV.

4.6.1 Doping evaluation

The dimension of a nanowire makes it challenging to implement standard doping
evaluation techniques like Hall effect measurement.'® We used optical, electrical
and XEDS characterization for the quantitative evaluation of doping in Aerotaxy
nanowires.
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Figure 4.8 (a) 7 K PL spectra of Sn doped GaAs nanowires grown at different Xsn (0.00-2.25x10%) and alloying and
growth temperatures of 400/530 °C, and (b) room temperature (RT) and 4 K PL spectra of Sn doped GaAs nanowires
grown at different alloying and growth temperatures but same Xs, of 1.875x10. (Plots adapted from Paper Il)
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The optical response of Sn doped GaAs nanowires in Paper Il was studied using
low-temperature p-PL spectroscopy. Corresponding PL spectra of doped nanowires
in Figure 4.8 a, show two peaks with FWHM situated at 1.46 eV and 1.60 eV. The
low energy peaks at 1.46 eV correspond to carbon acceptor levels, originating from
by-products of precursor pyrolysis. The high energy peak at 1.60 eV corresponds to
the Burstein—Moss shifted PL peak of heavily n-doped GaAs. Heavy n-type doping
pushes the fermi energy level into the conduction band edge, leading to a
significantly blue-shifted PL signal. Carrier concentration is extracted using the
method explained in section 3.3.1. The extracted carrier concentration presented in
Figure 4.9 a implies the same dopant concentration for all tested dopant injection
ratios (Xsn). However, the PL measurements were performed on nanowire
ensembles, and fermi-tail fitting provides information about the highest doping
concentration within the ensemble. As mentioned in section 2.4.1, Aerotaxy system
fosters a spatiotemporal variation in growth conditions, which leads to this spread
in doping concentration within a given nanowire population. Four-point probe
measurement technique explained in section 2.4 was used to acquire the carrier
concentration in individual nanowires, plotted in Figure 4.9 b. It is clear from the
plot that carrier concentration extracted from single nanowire measurements shows
a spread, unlike the data from nanowire ensemble characterization.

For the studies presented in Paper IV, low-temperature pu-PL measurements were
performed on Zn doped GaAs nanowire ensembles and the optical response of a few
selected samples are shown in Figure 4.10 a. In heavily p-doped GaAs, band—band
optical transition is reported to occur both with and without k-conservation.'*!"'#¢
The Burstein—Moss shifted high energy shoulders appearing above 1.58 eV and
1.8 eV for Zn doped GaAs are caused by non-k-conserving transitions from
conduction band to acceptor states close to fermi level. The low-energy peaks below
1.4 eV represent k-conserving direct band—band transitions.

Carrier concentrations estimated from PL spectra of Zn doped GaAs is given in
Figure 4.10 b. The data shows small and steady incremental variation in carrier
concentration for increasing Xz,. Complementary electrical measurements of Zn
doped nanowires revealed degenerate doping similar (~10%° cm™) to the PL study.
In Paper IV, the measured elemental concentrations of Au, Zn and Ga in the seed
particle were used to calculate the hole concertation with a predictive model, which
used defect formation energy in GaAs as proposed by Zhang and Northrup.'*® Both
measured and calculated values for p-doping concentration are in good agreement,
especially for low dopant injection ratios (Xz,). Both n- and p- doping studies
indicate tangible difference in carrier concentration between undoped and doped
nanowires. However, strong modulation of the carrier concentration by varying
dopant injection ratio is yet to be achieved.

The key conclusion from these studies is that; it is possible to grow both n- and p-
doped III-V semiconductor nanowires in Aerotaxy. However, it is not possible to
achieve low to moderate levels of doping in Aerotaxy.

62



(a) v

~ 3 e ¢ 3
“ 9L |
é 10 T, alloy/ T, growth(oc)
g € 400/500
= * 430/530
£ v 430/550
(0]
Q 18 L i
E10°F ¥
O
8
E
<
O

1017 L i

0.00 75x10%  1.5x1071.875x1072.25x107
XSn
(b) Talloy/Tgrowth= 400/530 (°C)

100 b s
E
%’ °
E o
: : S
3 °
S 108 o -
Q [ )
@]
5 |
= °
© ™

10"F® J

0.00 7.5x10™  1.5x1071.785x107 2.25x107
XSn

Figure 4.9. (a) Carrier concentration estimated from 7 K photoluminescence FWHM, for the undoped NWs and Fermi-
tail method for n-doped GaAs NWs grown at varying alloying and growth temperatures and varying Xsn. (b) Carrier
concentration estimated from four probe resistivity measurement of GaAs NWs grown at alloying and growth
temperature of 400 and 530 °C and with varying Xs» (0.00-2.25x107%). (Plots adapted from Paper II)
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Figure 4.10 (a) 4 K PL spectra of Zn doped GaAs nanowires grown at three different Xz, (0.00,0.10,0.25) and alloying
and growth temperatures of 400/550 °C. (b) Carrier concentration estimated from 4 K photoluminescence spectra using
Fermi-tail method for p-type doped GaAs NWs grown at varying Xzn.
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4.7 Branched nanostructures

A typical catalyst-assisted branched nanostructure is produced by sequential
deposition of a seed particle on to the primary nanowire surface.*'*® In Paper III,
we report the unintentional growth of branched GaAsP epitaxial nanostructures
using a single step VLS process in Aerotaxy. In Figure 4.11 b, it can be seen that
each of the branches has its own catalytic particle. This indicates that the branching
events are driven by particle assisted VLS growth.

Figure 4.11 (a) An overview SEM image showing branched GaAsP nanostructures on an Si substrate. (b) Magnified
SEM image shows epitaxial branches orginating from the primary GaAsP nanowire.

Additionally, some of these branches were found to elongate into an ultrafine tip
with a tiny metal particle as illustrated by Figure 4.12 b. The length and diameter of
these secondary branches varied widely. But one common observation is that a
thicker primary nanowire produced many long branches, while a thinner nanowire
produced few short branches. This points to the underlying diameter dependence of
branching. To further probe this mechanism, the initial particle size was varied in
steps of 10 nm from 20 to 80 nm and the resulting nanostructures were analysed.
Single GaAsP nanowires with no branches or parasitic particles were observed for
seed particle diameters up to 50 nm. For diameters above 50 nm, there is a gradual
onset of branching with a drop in the density of single GaAsP nanowires. To
illustrate this, SEM images of GaAsP nanostructures grown from various particle
diameters are collectively presented in Figure 4.13.
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Figure 4.12 (a) SEM image of a typical GaAsP nanowire cluster. The inset is a magnified SEM image of the tip. The
branches seem to extend into a very tiny whisker as the Ga in the seed particle gets consumed during growth leaving
a tiny whisker behind. (b) TEM image of a representative whisker with a 2 nm Au seed at its tip, EDX point analysis (not
shown here) shows that the 2 nm particle is Au with <10% Ga. (Image adapted from Paper Ill)

TEM investigation on these branched structures show that they grow in a ZB
arrangement and that the branches are infact epitaxially connected to the primary
nanowire. These highlights show that our synthetic approach can yield branched
GaAsP nanostructures, and the diameter of the catalytic particle can be used to
induce branching on the primary nanowire.

Conventional planar Si photovoltaics requires a thicker substrate to absorb ~90% of
the incident sunlight (compared to III-V PV) and suffers in conversion efficiency
due to short carrier lifetimes.'*”'*® Lifetimes can be improved by fabricating high
quality crystalline material, which ultimately increases the overall production cost.
The key issue involves the use of same long pathways for light absorption and
charge carrier collection. The obvious solution is to use long light absorption
pathway, while photo-generated carriers are collected immediately upon generation.
The nanowire geometry provides a suitable platform to overcome these
challenges.”'**'** Such 3D nanostructures can have diverse applications in many
key areas like photovoltaics, photocatalysis'>' and efficient energy storage.'**

Based on our current understanding, size-dependent branching is attributed to (i)
rupturing of the catalytic droplet into many smaller particles or and (ii) insolubility
of P in Au."”® The Aerotaxy reactor has a temperature gradient that rises and falls
along its three different zones. This gradient might induce interfacial instability at
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the droplet-nanowire interface and the dynamic temperature gradient may increase
the volume of the liquid seed particle and wet the side facets of the primary nanowire
which leads to kinking

321547156 of the primary nanowire.

Figure 4.13 SEM images of GaAsP nanowires grown from a) 20 nm b) 30 nm c¢) 40 nm d) 50 nm e) 60 nm f) 70 nm
g) 80 nm Au particles at a V/llI ratio of 0.5. The images show that the secondary branches start to appear for Au particle
sizes 60 nm and above. Scale bars: 500 nm. (Image adapted from Paper Ill.)

Another contributing factor to this volumetric increase of the liquid droplet might
be our continuous flow-through reactor design. The amount of material available in
the gas-phase reduces continuously as precursor materials are being consumed to
produce nanowires. The low solubility of group V precursors in the catalyst particle
is well known for III-V nanowire growth. Additionally, PH3 does not decompose
completely’”” at our growth temperature, but the decomposition is enhanced
significantly in the presence of a growth surface. This will enhance the
concentration of Ga in the primary Au droplet, which in turn may increase the
volume of the liquid droplet. Increasing the Ga concertation in the liquid droplet
lowers the surface tension'*®'*? and may rupture the primary particle leaving small
Au—Ga particles along the nanowire sidewalls.
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XEDS study shows that the branches are compositionally similar to the primary
GaAsP nanowire. As for the branching dependence of GaAsP on seed particle
diameter, if growth initiates from a small seed particle (20—50 nm), the change in
volume and surface tension may not be sufficient to rupture the primary particle.

Parasitic outgrowths/branches were also observed at high growth temperatures and
high dopant precursor concentration for Sn doped GaAs as reported in Paper II.
XEDS studies revealed that these juvenile branches exhibited a location dependent
compositional variation i.e., branches close to the top of the primary nanowire were
composed of Ga, while the branches at the bottom were composed of GaAs
(illustrated in Figure 4.14). As mentioned earlier, group V precursors have low
solubility in the catalytic particle, which may enhance the Ga concentration locally.
C. Yan et al.'® reports that for GaSb nanotrees fabricated using MBE, a locally
enhanced supply of Ga induced spontaneous deposition of Ga nanoparticles on the
side facets of the primary GaSb nanowire. Although MBE and Aerotaxy are two
very different growth technologies, upon careful consideration, a locally increasing
Ga concentration may spontaneously deposit Ga nanoparticles for Aerotaxy
nanowires too. Hence, we assume that the branches near bottom started out as Ga
nuclei and catalysed GaAs growth, while the branches closer to the top did not have
enough time to form GaAs. This reinforces our hypotheses that a locally increasing
Ga concentration can lead to spontaneous Ga nucleation on the primary nanowire.
The common observation is that branching and other parasitic processes tend to
dominate Aerotaxy III-V growth under extreme growth conditions.

For the GaAsP material system, this spontaneous branching can be controlled by
tuning the size of the seed particle. To summarize, a large catalytic particle ruptures
to form smaller catalytic particles that induce branching, while. a small catalytic
particle is found to be stable during growth and avoids branching.
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Figure 4.14 High resolution TEM studies of the parasitic nanoparticles and branches of a GaAs nanowire grown at T./Tq4
=430/450 °C and Xs» = 5 x 1073, XEDS studies reveal that the particles/branches at the base of the nanowire are GaAs
in composition whereas those in the upper half of the nanowire are Ga particles. (Image adapted from Paper Il)

4.8 Alternative metal seed particles

Currently, gold nanoparticles are mostly used to catalyse VLS III-V nanowire
growth.'**!55 The success of gold as a starting material is attributed to its ability to
induce controllable nanowire growth over a wide range of growth conditions.'
This provides a large parameter space over which the properties of the nanowires
can be tuned. However, the nanowire community has voiced concerns regarding the
detrimental effect of gold on Si and the consequent incompatibility of gold with Si
technology.’>!**!%* Gold has very high diffusivity in semiconductors and negatively
impacts the potential opto-electronic properties.’®'®! There is currently a huge
vested interest in exploring gold-free III-V nanowire growth. Alternative catalytic
particles made from Ni,'%* Fe,'® Ag'>* and Pd** are already being used to catalyse
I11-V nanowire growth in addition to self-catalysed pathways.*®

So far, the nanostructures discussed in this thesis were catalysed exclusively by size-
selected gold nanoparticles. Aerotaxy can already offer significant cost-reduction
over batch production methods, when it comes to high throughput synthesis of III-
V nanomaterial. Reducing component costs even slightly can have a substantial
impact on the production cost and make Aerotaxy an attractive large-scale
production technology. So, there is an incentive for exploring cheaper alternatives
that can serve as a catalytic particle in Aerotaxy.

We have investigated growth of GaAs nanowires initiated by 30 nm Au-Ag
(50:50 at% alloy) and pure Ag catalytic particles generated in a Spark Discharge
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Generator (SDG). The SDG used electrodes with corresponding stoichiometry to
produce Au-Ag alloyed nanoparticles.

Figure 4.15 (a) SEM image of GaAs nanowire grown from 30 nm Au-Ag particle at 520 °C. (b) SEM image of GaAs
nanowire grown from 30 nm Au-Ag particle at 550 °C, a higher tendency for tapering was observed at 550 °C than at
520 °C.

Figure 4.15 shows GaAs nanowires grown from 30 nm Au-Ag seeds at two different
growth temperatures (520 °C and 550 °C). The nanowires grown from Au-Ag shows
considerable overlap in morphology with GaAs nanowires catalysed by Au. More
importantly, this observation is consistent with the temperature dependent
tapering/radial growth commonly observed for Au catalysed GaAs nanowires
shown in Figure 4.2. GaAs nanowires grown from Au and Au-Ag seeds using
substrate-based MOVPE are reported to exhibit similar trends in morphology under
moderate to high growth temperature regime.'®® This is due to significant
similarities in physical and electronic properties of both gold and silver.'>'¢*
However, the morphology of our GaAs nanowires deteriorated and nanowire growth
failed at low temperatures, when pure Ag particles were used to catalyse Aerotaxy
growth; another observation that is consistent with the available literature on
MOVPE growth using Ag particles.'*

Ga seeded GaAs nanowire growth can provide a clean growth environment free
from incorporation of the foreign metal catalyst into the nanowire.'>>1°1° One main
drawback of self-catalysed growth is that the catalytic particle can be consumed
during growth inducing a tapered morphology; the growth conditions must be
tailored to avoid consumption of the catalytic particle.'> In Paper V, we report the
fabrication of self-catalysed GaAs nanowires using Aerotaxy. Size-controlled
metallic Ga nanoparticles were mixed with TMG and AsHj to initiate VLS growth.
The growth parameters used for Au catalysed GaAs growth served as a good starting
point for this explorative study.

Several authors'®""'%17% report an inverse tapered nanowire morphology (gradually

increasing diameter toward the top) for self-catalysed nanowires grown under a low
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V/II injection ratio. Conversely, the catalytic droplet is observed to be consumed
at high V/III injection ratios. However, this is not true for Aerotaxy as the Ga droplet
is observed to shrink from its initial diameter even at low V/III ratios. This indicates
that the emerging nanowires perceive a locally enhanced V/III ratio. Similar to gold,
Arsenic precursor species have a low solubility in the liquid Ga catalytic particle.'”!
The Ga droplet serves as a reservoir and nanowire growth is initiated by the arrival
of As species. The high partial pressures of precursors in Aerotaxy might lead to
rapid consumption of the Ga droplet before it could be replenished from the vapor
phase. Consequently, a gradually shrinking growth interface even at low V/III
injection ratios might explain our observation of tapered nanowire morphology. The
nanowires passing through the reactor will experience a gradual decrease in V/III
ratio as they travel from the growth zone towards the exit of the reactor. Due to this
spatiotemporal variation observed in Aerotaxy, the tapered morphology of Ga
seeded GaAs nanowires is inevitable.

Self-catalysed growth of III-V nanowires in literature is usually a two-step
process,'°""1¢7 19 where nucleation and nanowire growth require different V/III
injection ratios and the axial growth rate is limited by group V precursor flux.'®
Unfortunately, it is not possible to decouple nucleation and nanowire growth in
Aerotaxy and both processes must occur under similar conditions. So, Ga seeded
GaAs growth in Aerotaxy proceeds through a single-step process.

4.9 Pseudo-particle continuum model

The design of the Aerotaxy tool makes it difficult to incorporate in situ monitoring
or sampling ports into the design without affecting nanowire growth. To better
understand Aerotaxy growth and to explain the qualitative observations, we
modelled Aerotaxy growth using computational flow dynamics (CFD) modelling in
COMSOL based on a novel nanowire growth model as described by Johansson and
Magnusson.*®

Aerotaxy growth is modelled as chemical reaction between the Ga- and As-
containing precursor gases forming GaAs, occurring only in the presence of a gold
catalytic particle. The precursor gases as well as the catalytic particles and growing
nanowires are described as continuous chemical species and the amount of GaAs at
any given point is interpreted as the length of the nanowire, where the nanowire
width and concentration in the gas are given by the catalytic particles. This type of
pseudo-particle continuum modelling circumvents the complexity of modelling and
monitoring individual particles in a gas-phase synthesis environment. The results
from the simulation are compared to the experimental data and is presented in
Paper I.
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The underlying nanowire growth model is based on a surface diffusion model for
substrate-based growth at high precursor pressures (which is the case for Aerotaxy).
According to the model, the axial growth rate G is given as:

J39
G = 0l ————, 4.1
]3¢(1+I;—‘51)+I

where (2 is the molar volume of a III-V pair in the solid phase, I(T) is a rate limiting
incorporation factor, J; and /5 are the impingement rates of group Il and group V
precursor species, k is the desorption rate of group V atoms, and ¢ is a seed particle
radius dependent shape factor. At very high precursor pressures, the axial growth
rate in eq-4.1 becomes independent of both the precursor flows and wire radius,
which agrees with our qualitative observation presented under section 4.2. The
incorporation rate is assumed to be an activated process with an Arrhenius
dependence on growth temperature.

Wire growth is then simulated with steady state computational flow dynamics in a
simplified Aerotaxy reactor (rotated 2D geometry), where the growth model eq-4.1
governs the simplified chemical reaction Ga + As — GaAs. Since each catalytic
particle (and thus growing nanowire) follows a unique time—temperature trajectory,
the model provides not only an average but also a distribution of the wire length.
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Figure 4.15 (a) plot of the wire length during steady-state growth in the reactor, shown in radial cross section. (b) Wire
length as a function of peak temperature for GaAs nanowires grown at a fixed V/IlI ratio of 1.6. (c) Length as a function
of V/IlI ratio for nanowires grown at a peak temperature of 815 K (set point 530 °C). In both plots, the model is shown
as red rings and the experiment as blue crosses, with the error bars indicating plus/minus one standard deviation. (plots
and image adapted from Paper I)

Figure 4.15 shows results of the GaAs nanowire growth simulated with this method,
together with experimental data used for parameter fitting. The only fitting
parameters are the activation energy and scaling pre-factor the incorporation factor
I. As mentioned earlier, GaAs nanowire growth only occurs in the presence of Au
catalyst particles. The length of the GaAs wire is calculated by dividing the
concentration of continuous GaAs species by the concentration of Au, and the length
average and spread are calculated from the wires exiting at bottom of the reactor.

72



The model was tested under different growth temperatures (Figure 4.15 b) and V/III
ratios (Figure 4.15 c¢). The results show good agreement between the experimental
and simulated nanowire lengths under various growth conditions. The simulated
wire length is independent of the initial seed particle diameter and shows only a
weak dependence on the precursor flows, in agreement with observation. Currently,
there is an ongoing effort to expand this model to better understand gas-phase
production.
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5 Aerotaxy instrumentation and
Safety

The investigations of crystal growth reported within this thesis were conducted in a
custom-built, third generation Aerotaxy system. At present, this Aerotaxy system is
one of its kind and is not commercially available. This chapter deals with description
of the Aerotaxy instrument and the challenges encountered during its operation. In
addition, the importance of safety in a gas-phase nanomaterial production
environment is highlighted here. (Papers I and VI.)

5.1 The Aerotaxy Instrument

The Aerotaxy instrument, at its core, is an Aerosol particle generator in combination
with a gas-handling system, designed with inspiration from MOVPE. Both parts of
the system supply nanowire building materials to a heated stainless-steel furnace
where crystal growth occurs. A categorical description of the instrumentation is
provided in the following sections i.e., nanoparticle generation and nanomaterial
growth/collection (combined gas-handling and growth system).

5.1.1 Aerosol Particle Generator

The purpose of the Aerosol Particle Generator (APG) in our system is to supply the
liquid droplet which assists the VLS growth process. In order to design complex
experiments that involve different material systems, our APG must be (i) compatible
with a range of different materials; (ii) have control over characteristics like
nanoparticle size and its density in the aerosol; (iii) deliver nanoparticles in the
vapor phase to the growth reactor.

At present, there is a variety of methods to produce metal and semiconductor
nanoparticles and the manufacturing process can be tailored to meet specific
requirements.'”>"'" But, the most direct method to aerosolize a source material (Ga
or Au) for our process is to vaporize the source material in an inert carrier gas.
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Figure 5.1 Schematic of the Aerosol Particle Generator. The radioactive charge neutralizer induces a known charge
distribution in the agglomerate population exiting the high temperature furnace. The charged agglomerates coalesce
(sinter) in the sintering furnace to a roughly spherical shape and are size-selected in the DMA based on their mobility
in an applied electric field.

Figure 5.1 shows a schematic of the APG used for controlled generation of catalytic
particles in Aerotaxy. The high temperature furnace in Figure 5.1 is capable of
reaching 2000 °C and is water cooled to prevent thermal degradation of the
refractory lining. A graphite crucible inside the furnace holds the material to be
vaporised into the carrier gas. The temperature of the furnace is ramped to a setpoint
(based on the material), at which the vapor pressure of the material is high enough
to attain an acceptable evaporation rate at a carrier gas pressure of ~1 bar. A mass
flow controller (MFC) limits the flow of N» carrier gas into the high temperature
furnace at 1.5 I/min. Homogenous nucleation of the source material is initiated in
the carrier gas and the rate at which the primary particles nucleate depends on the
degree of supersaturation in the vapor phase. To promote Brownian coagulation of
primary particles, they are transported away from the evaporating source material
by the carrier gas flow. The tiny primary particles coagulate into agglomerates, and
agglomeration depends on the number concentration of primary particles in the gas
phase. The size of the final particles depends on the size of the initial agglomerates.
The carrier gas transports the agglomerates into a radioactive charge neutralizer'’®
that uses low-energy beta decay from ®Ni to create a bipolar ionic environment
inside the neutralizer. Since the particles are produced using an evaporation—
condensation process, they carry an unknown charge distribution, but is net negative
due to thermionic emission in the high-temperature furnace.'”” The dimensions of

76



the bipolar charger are dictated by the residence time i.e., the time required to bring
a known steady-state or Boltzmann equilibrium charge distribution. Using a
diffusion bipolar charger, almost 80% of particles below 20 nm remain uncharged,
giving a lower limit in particle production size for our APG. The agglomerates with
a known charge distribution enter a sintering furnace downstream. The sintering
furnace is maintained at a lower temperature (< 600 °C) and reshapes the
agglomerates to a compact spherical shape. The temperature of the sintering furnace
is selected to ensure coalescence of agglomerates and to avoid inducing multiple
charges, as it exaggerates the measured particle concentration and impairs the size
selection.'” The sintered aerosol usually has a wide distribution in nanoparticle size
due to the size variation within the initial agglomerates. To achieve a narrow size
distribution, the sintered aerosol is passed through a Differential Mobility Analyser
(DMA).'” The DMA size selects the charged particles in the aerosol by subjecting
them to an electric field. The mobility of a charged particle in an applied electric
field is inversely proportional to its aerodynamic diameter.'”>'’® So, the DMA
effectively filters out unintended particle sizes by removing them from the primary
aerosol flow. A part of the flow (0.1 /min) is directed to an electrometer (not shown
in the schematic) to continuously monitor the particle number concentration in the
aerosol. The number concentration for a given size can be modulated either by
varying the temperature setpoint of the high-temperature furnace or by adjusting the
carrier gas flow. The size-controlled aerosol is then transported to the Aerotaxy
reactor to assist nanowire growth.

5.1.2 Aerotaxy Reactor and Precursor Supply System

The Aerotaxy Reactor (AR) provides a closed reaction environment for the gaseous
precursors and is made from stainless-steel tubes fastened together with high-
temperature, ultra-high vacuum seals. The continuous AR tube (~750 mm long) is
mounted vertically inside a three-zone split clamshell furnace and the zones can be
independently heated to a user-defined setpoint. Figure 5.2 is a simplified schematic
that depicts the different components of the Aerotaxy system. The size-controlled
aerosol containing the Au catalytic particles is fed to the alloying zone of the reactor,
which is maintained at a temperature that is at least 100 °C below the growth zone
temperature.

To supply the alloying zone with group III precursor, a dedicated MFC
automatically controls the flow of ultrapure N, carrier gas through a bubbler
cylinder according to the user-defined setpoint. The bubbler cylinder contains MO
group III precursor in a chiller bath, and the temperature of the bath can be adjusted
to achieve a suitable precursor vapor pressure. The gold aerosol and gaseous group
III precursor are mixed in the alloying zone. A fraction of the group III precursor
undergoes thermal decomposition into reactive species and initiates the alloying
process with gold to form the alloyed liquid droplet as explained in section 2.4.1.
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The amount of group III precursor supplied to the alloying zone can be varied by
either adjusting the temperature of the chiller bath or the carrier gas flow through
the bubbler.

J

APG

— . Group III bubbler

Group V
hydride cylinder

Growth
Cooling Alloying
P S—
— e ee—
Aerotaxy Reactor

To collection

Figure 5.2 Schematic of the Aerotaxy Instrument. The size controlled aerosol from the APG is mixed with group Il and
group V precursors and grow to nanowires in the Aerotaxy Reactor. The nanowires are then transported to an
electrostatic precipitator where they are collected on a suitable substrate/medium.

The alloyed nanoparticles are transported further downstream into the growth zone,
which is maintained at a higher temperature. The primary gas mixture (alloyed
nanoparticles and Group III aerosol) enters a wider reaction space (~55 mm in
diameter) in the growth zone. The primary gas mixture is confined to the centre of
the reactor, shielded from the hot reactor wall by a sheath gas flow that enters and
exits the growth zone via showerhead diffusers (Figure 5.3). The sheath gas flows
both into and out of the growth zone is controlled by dedicated MFCs. The purpose
of the showerhead diffuser is to ensure a laminar flow profile and to avoid turbulent
mixing of gases in the growth zone. Gas flowing through a circular pipe has a
parabolic velocity profile i.e., the velocity profile has a maximum at the centreline
and minimum at the pipe walls. The sheath flow thereby also ensures a narrow
effective gas velocity profile by functionally eliminating the slowest moving parts
of the gas, close to the pipe wall. The group V precursors are usually hydrides with
high enough vapor pressure and is mixed with the sheath gas which confines the
primary flow. In this case, the precursor supply can be modulated with an MFC
fitted to the supply line. Figure 5.3 is a detailed schematic of the Aerotaxy reactor
as reported in Paper I. In the growth zone which is maintained at the growth
temperature and at near atmospheric pressure, the alloyed particle is exposed to
group V precursor flux which is mixed with the sheath gas. VLS growth occurs at a
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rapid rate of ~1 um s™', forming crystalline nanowires on the catalytic particles as
explained in section 2.4.
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Figure 5.3 Schematic of the Aerotaxy reactor, drawn approximately to scale; the heated zones have a total height of
750 mm. Au aerosol particles enter the reactor at the top through the alloying zone, travels down into the growth zone
to mix with group Il and V precursors, producing nanowires that exit from the cooling zone. Sheath gas enters and exits
both growth zones through showerhead diffusers that ensure laminar flow. The gas transit time from top to bottom is
around 6 s for standard flow and temperature settings. (Image adapted from Paper I)
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Figure 5.3 shows an additional precursor inlet between to two growth zones. This
inlet enables supply of precursors for nanowire doping or for fabricating complex
core-shell nanostructures. The nanowires along with the remainder of the
undecomposed precursors flow out of the reactor through the cooling zone, which
prevents turbulent mixing in the lower zone by gradually reducing the temperature
of the aerosol. The outgoing flow from the AR, which now contains the nanowires
and residual gases is also controlled by a dedicated MFC.

Nanowire Collection

The outgoing flow cools rapidly as it exits the reactor and is directed to a Dixkens
and Fissan type electrostatic precipitator (ESP)'””'”® placed inside a glove box for
safety reasons. The charge carried by the size-selected gold aerosol is retained by
the nanowires and as a result, the aerosol exiting the reactor also carries a known
charge distribution. The ESP exploits this by efficiently capturing the nanowires
based on their mobility in an applied electric field. The nanowires are usually
deposited as a circular spot on the ESP. The nanowires are collected by placing a Si
substrate covering the circular spot and it is not possible to collect all the wires with
this method. The uncollected wires, along with residual gases are pumped out of the
Aerotaxy instrument through a gas scrubber. Alternatively, to collect most of the
wires, a filter with a pore size smaller than the nanowire’s aerodynamic size can be
fitted directly above the inlet of the ESP.

5.2 Aerotaxy Challenges

The main goal of this thesis is to demonstrate the capability of our synthetic
approach to manufacture I1I-V nanowires on a large scale in a controlled manner.
Over the past several decades, the potential of I1I-V nanowires for integration with
planar Si technology is well established through several studies.**'”*'** Despite the
obvious potential, there is a substantial gap between the current nanowire research
and functional devices that are available to the general public. Controlled nanowire
doping and up-scalability of nanowire growth technology are reported to be the main
drivers of this divide.'®"'® The challenges related to fundamental physics at the
nanoscale and other device-related, application-specific obstacles must be overcome
to make the nanowire platform a viable alternative to existing Si technology. Growth
technology and tools like MOVPE and MBE have undergone numerous empirical
design iterations since the early 1960s.'**'% Research groups around the world are
still studying those growth systems under various contexts. Aerotaxy is a young
technology in comparison to those methods and is being actively pursued only at
Lund, Sweden. Consequently, the Aerotaxy tool and technology poses some unique
challenges to nanowire growth. They are summarized in the following sections.
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5.2.1 Reactor Memory Effect

Reactor memory effect is a common observation in non-optimized MOVPE
processes, where growth materials are unintentionally deposited on the reactor
walls.'®>!%¢ Material deposited on the wall may desorb during growth and
contaminate the growth environment. It is challenging to purge the Aerotaxy reactor
of such memory effects. The III-V material diffusing away from the primary
reactant flow inside the Aerotaxy reactor, gets deposited on the hot reactor wall.
These wall-deposits serve as sites for further deposition of III-V material during
subsequent growth experiments. When we attempted etching the wall deposits with
HCI gas, it severely damaged the stainless-steel reactor. At present, post-growth
cleaning is performed by blowing high-pressure nitrogen to blast away the wall-
deposits and pump them out of the reactor. The reactor walls are inspected using an
endoscope camera after the cleaning. The efficiency of this cleaning process drops
with increasing reactor lifetime. The wall-deposits act as reservoirs of III-V
material, discharging them back slowly when the reactor is heated again during the
next growth cycle. This contaminates the growth environment and removing
contaminants is challenging. In the study presented in Paper III, the As
concentration measured in GaAsP nanowires is due to this reactor memory effect.
Currently, the only effective alternative is to replace the contaminated parts until
efficient cleaning methods are developed.

5.2.2 Reactor lifetime and conditioning

A typical Aerotaxy reactor that is built to serve academic purposes has a lifespan of
roughly one year. This estimate is based on limited practical experience with the
Aerotaxy instrument. The life of a reactor can likely be extended by developing
efficient cleaning protocols or by preventing wall deposition. A short lifetime of an
instrument might be a limiting factor in an industrial production environment. But
in an academic environment, this is challenging due to many possible differences in
the growth environment that stems from the hardware. The growth environment is
altered when a new reactor is installed and the growth parameter window may shift
significantly. Each new installation requires a period of explorative conditioning to
find the right parameters for nanowire growth. This is particularly challenging if
there is a reactor-specific growth effect that is difficult to reproduce in different
reactors.

Currently, it is hard to quantitatively estimate the reactor lifespan as it depends on
the frequency and mode of operation. It is equally difficult to estimate the amount
of conditioning required for a new installation. This poses obvious limitations in
terms of reproducibility, and the reactors are not production-ready immediately after
installation.
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5.2.3 Software issues

It is unusual to consider software issues as a challenge for a nanowire growth
technology. But the custom software used to control the current Aerotaxy hardware
is a result of numerous design iterations. Unlike hardware products whose reliability
is measured in terms of age and production quality, the software’s reliability cannot
be quantified from wear and tear. The software used is unreliable and led to
extended maintenance periods during which the tool could not be used. This was
personally challenging and delayed many experiments.

5.3 Nano Safety

Since the 1990’s there has been a substantial interest to exploit nanomaterials for
various consumer applications. It is possible that materials seemingly non-toxic in
bulk form may exhibit very different properties at the nanoscale. As a result, there
is an increasing concern expressed regarding the impact of nanomaterials on human
health and the environment.'*”'*® Nano safety deals with the evaluation of risks to
human health and the environment from engineered nanomaterials.

According to the European regulation on the Registration, Evaluation, Authorisation
and Restriction of Chemicals (REACH, EC No 1907/2006),'® risk evaluation of
nanomaterials should include investigation of the alleged (i) toxic effects (ii)
possible level of exposure and (iii) risk classification. Despite the enormous efforts
in risk evaluation, the health effects of nanomaterial exposure are still under debate
and some studies report contradictory findings."”® Studies show that the
manufacturing method might influence the nanomaterial’s toxicity, which means
the biological response varies depending on the method of fabrication.'”! Apart from
the method of fabrication, the morphological and physiochemical properties of the
nanomaterial like size, agglomeration, surface chemistry, number and mass
concentrations play a significant role in the toxicological response of the
nanomaterial.''*? But, we still lack conclusive data establishing the toxicological
effects of engineered nanomaterials.

In order to design appropriate exposure prevention strategies, it is important to
understand the manufacturing process and possible routes of exposure. The advent
of engineered nanomaterials in consumer products has increased the likelihood of
human exposure throughout the life cycle of the product. Exposure in the workplace
will be the primary point of contact between humans and engineered nanomaterials.
In particular, a high-throughput nanomaterial production environment increases the
probability of human exposure. For example, cleaning and other maintenance
activities in Aerotaxy dramatically increases the likelihood of nanomaterial
exposure. Given that the most likely route of nanomaterial of exposure is through
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inhalation of airborne particles, the gas phase Aerotaxy method raises major concern
in terms of safety.

5.3.1 Exposure in the workplace

At present, the best method to evaluate the exposure to engineered nanomaterials at
a workplace is by using the nanoparticle emission assessment technique (NEAT).!*?
NEAT assessment is based on detection of airborne nanomaterials using portable
monitoring instruments containing filters which enable offline characterization of
collected nanomaterial. Paper VI discusses the results of an intervention study
conducted in an Aerotaxy production environment using the NEAT assessment
method. The intervention study measured exposure during tasks like nanomaterial
production, manual reactor cleaning, replacement of outflow particle filters and
other related daily activities. The study was conducted before and after up-scaling
the production capacity of an industrial version of the Aerotaxy instrument. Filter
samples and time-resolved direct measurements of airborne nanomaterials were
performed during several daily tasks to characterize workplace exposure. Collection
on filters is carried out by pumping air through a filter with a known pore size. Both
types of measurements were performed in four different measuring zones (emission
zone, personal breathing zone, background zone and general ventilation) around a
human subject. The emission zone is closest to a suspected emission source while
the personal breathing zone is around the nose and mouth of a human subject. A
handheld particle counter was used to measure the particle number concentration in
the personal breathing zone. In addition to filter sampling, adhesive tapes were used
to collect nanomaterials deposited on relevant surfaces. The tape and filter samples
are analysed post-collection using SEM XEDS to evaluate the size, composition and
distribution of the nanomaterial.

The study indicates that the probability for potential nanomaterial exposure is high
during cleaning and maintenance procedures and not during the actual
manufacturing process. The results agree with our expectations as Aerotaxy
production occurs inside a leak tight environment and the leak rate of the tool is
measured after each maintenance cycle. Following this study, in order to mitigate
the risk of exposure during reactor cleaning, a blow-out kit was attached to our
Aerotaxy setup as an engineering control. Activities like cleaning the DMA exhibit
clear sings of particle emission both in the emission and background zone. This
indicates that cleaning increases the potential risk of exposure to the user and others
present in the vicinity. After collection, SEM-XEDS characterization of the filter
and surface samples detected gold nanoparticles indicating that the emission
originated from the cleaning task. This is particularly important because in our
current Aerotaxy setup, the emission and personal breathing zones significantly
overlap during cleaning tasks. Post-production activities like sonication and sample
processing also increased the particle emission, indicating additional modes of
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exposure. Surface contamination of III-V material was limited to the reactor
enclosure, and the risk of exposure is therefore limited to the operator performing
the cleaning tasks.

Though the toxicity of semiconductor nanowires is not well understood, it is
important to practice caution and to install proper engineering controls to mitigate
the exposure risk. The current academic version of the Aerotaxy instrument is
operated by following strict safety protocols while using suitable personal
protection equipment and portable monitoring devices. However, automating
maintenance activities that require opening the instrument like cleaning the APG
might reduce the risk of potential exposure.

84



6 Concluding remarks

Having spent the past five years trying to understand Aerotaxy growth, I would like
to take a step back and share few thoughts about the technology and its potential.

I am hopeful about the prospects for III-V semiconductor nanowires as building
blocks of future electronic and photonic systems. However, the nanowire platform
faces a myriad of challenges that are either related to growth or specific to a
particular application. Succumbing to these challenges will lead the nanowire
platform into a technological cul-de-sac. Despite the many challenges, my optimism
stems from the continuous progress in our fundamental understanding of
semiconductor nanowires. Currently, there are many start-ups, both local and
global, trying to commercialize some of the beneficial functionalities of nanowires.
Sol Voltaics AB was one of the most promising start-ups of yesteryear, which
attempted to commercialize Aerotaxy nanowire synthesis for solar cell applications.
Aligned Bio, Glo, NordAmps and Hexagem are few other tech start-ups working in
close collaboration with academia to bring nanowire-based devices to the market.
The growing number of such tech start-ups or my optimism based on experience
may be insufficient to argue the potential of semiconductor nanowires. Regardless
of my belief, the nanowire research community is convinced that the beneficial
properties found at the nanoscale are too exciting to be abandoned due to the many
challenges or concerns over safety.

The experimental results in this thesis clearly demonstrate Aerotaxy as a suitable
method for high-throughput nanowire fabrication in a controlled fashion. In any
experimental work, the results obtained are typically non-self-explanatory. Often, a
suitable theory from available literature is adopted to add reliability and context to
the results. And it is very easy to accept a theory or model that agrees well with our
experimental observation, circumventing the required critical consideration. As an
example, the description of nanowire branching under Section 4.7 hypothesised that
branching might be induced after the primary seed particle ruptures. While this
description is grounded in literature, the similarity might be a coincidence. Since it
is not possible to directly observe such phenomena in Aerotaxy, it is difficult to
experimentally verify our hypothesis. Therefore, we settle for the best available
description in literature as a plausible explanation.
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One must also consider the statistical significance of the results in experimental
research. Often, only a small set of samples is characterized either due to lack of
resources or time in academia. Hence, there is always a chance of accepting
generalized conclusions from a small set of data. In addition, microscopy
characterization and single nanowire testing only probe a miniscule sample volume,
and producing results of statistical significance with such techniques is almost a
herculean task. An example would be doping evaluation of GaAs nanowires using
electrical methods. The electrical measurements were performed on single nanowire
devices fabricated carefully on Si chips. Drawing generalized conclusions just by
testing a few nanowire devices is obviously undesirable. For this reason, the
electrical characterization was supplemented with PL measurements performed on
nanowire ensembles. Undoubtedly, Aerotaxy can produce vast quantities of
semiconductor nanowires; I can safely assert that it is currently impossible to
characterize each single nanowire.

Despite several reports about in sifu nanowire doping in substrate-based growth,
precise control and fundamental understanding of the doping mechanism is still a
work in progress. The lack of simple and reliable measurement methods is a major
reason for the slow progress in basic understanding of nanowire doping. The
measured carrier concentration in doped Aerotaxy nanowires points us to the
conclusion that the nanowires are degenerately doped even at low dopant injection.
As aresearcher, | am tempted to conclude that further studies are required to achieve
controlled doping in Aerotaxy. But our observations clearly indicate that it is
difficult to achieve low and intermediate doping levels for both dopant polarities.
Aerotaxy nanowires may not be suitable for devices or applications that require low
to moderate doping levels. Doping of the ternary GaAsP material system is more
complicated and the evaluation results are inconclusive at best.

One key difference between the substrate-based growth and Aerotaxy is that the
nanowires land randomly on to the collection surface. For device related
applications, billions of such nanowires must be aligned so that they can be
contacted electrically. Randomly oriented wires cannot be used for most device
applications. The tech start-up Sol Voltaics, during its peak expansion, developed
an efficient method to align the Aerotaxy grown nanowires so they can be
incorporated into functional devices. This nanowire alignment technology is now
used by Aligned Bio to align and fabricate nanowire devices for bio-sensing
applications. I am convinced about the commercial viability of Aerotaxy synthesis,
especially in combination with the alignment technology.

It is difficult to envision a future in which gold catalysed III-V nanowires emerge
as ideal candidates for phasing out Si. Recent development in Aerotaxy
demonstrates the possibility to achieve GaAs growth using Ga, Au-Ag and Ag
catalytic particles. Since the particles generated by the APG are directly fed to the
growth system, the probability of oxidation or cross-contamination is greatly

86



reduced compared to traditional systems, where the particles are usually exposed to
the ambient atmosphere during transfer between the deposition and growth systems.

Preliminary results from CFD modelling of the Aerotaxy process agree well with
some of the experimental observations. Continued efforts are necessary to improve
the model and develop the fundamental understanding of the Aerotaxy process.
Simulations are often based on highly idealized scenarios and consequently the
results obtained may be far removed from reality. Simply, complex thermodynamic
interactions in a physical system cannot be completely reflected in a model, and
simplifications are important. So, one must be careful while designing and
interpreting the results from a model.

Substrate-based growth techniques like MOVPE are undeniably advanced due to
decades of world-wide research and development. The controllability and overall
production quality of nanowires in Aerotaxy strongly indicate that Aerotaxy is still
at an early stage of its developmental journey. Due to the fact that we are the only
group that is involved in developing Aerotaxy, I expect the progress to be slow.
Each nanowire that is fabricated in Aerotaxy is likely to experience slightly varying
growth conditions as it traverses the growth system. As a result, there is substantial
spread in measured nanowire properties. The continuous gas-phase design of the
Aerotaxy instrument will likely hinder any attempts to reduce this spread.

Despite some obvious limitations, I believe that the Aerotaxy grown nanowires
show tremendous potential, especially due to their low production cost. Skimming
through vast amount of nanowire reports, | find a significant number of reports that
claim novelty through a new method of fabrication or a novel functionality. But very
few reports exist in device/application front due to possible engineering
optimization issues. This indicates an obvious disconnect between the device front
and fundamental nanowire research. Development of simple and robust
characterization tools might expedite the progress of the semiconductor nanowires.
Rapid, high-throughput characterization techniques may be monumental in
commercializing nanowires. At this point, I think it is too early to assert the potential
for commercial success of Aerotaxy technology.
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