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The III-V nitride materials system offers tunable electronic and optical properties that can be
tailored for specific electronic and optoelectronic applications by varying the (In,Ga,Al)N alloy
composition. While nitride thin films tend to suffer from high dislocation densities due to the
lattice mismatch with growth substrates, nanowires can be grown dislocation-free on highly
mismatched substrates including silicon. Furthermore, axial and radial junction configurations
offer unique nanoscale device architectures that enable more optimal device design. In order to
realize the potential benefits of III-V nitride nanowires, precise control of nanowire synthesis is
required. This thesis describes the development of experimental techniques and theoretical
models that guide the synthesis of Ill-V nitride and other compound semiconductor nanowires
with control over material structure, morphology, and composition.

First, GaN nanowires were synthesized with control over nanowire orientation, morphology,
and defect density. Substrate orientation was used to control whether nanowires grew
preferentially in the polar [0001] direction or the nonpolar [1-100] direction. Film deposition on
the nanowire sidewalls was effectively minimized by reducing the Ga precursor flux and inter-
nanowire spacing. Using nonpolar-oriented GaN nanowires with uniform diameter, the
diameter-dependent growth rate was modeled to demonstrate that growth is limited by nucleation
at the perimeter of the seed/nanowire interface. Finally, Ni- and Au-seeded GaN nanowires were
directly compared, and the higher growth rate and reduced defect density in Ni-seeded nanowires
were consistent with a reduced seed/nanowire interfacial energy.

Next, nonpolar-oriented InN/InGaN axial heterostructure nanowires were grown by
introducing Ga precursors during InN nanowire growth. The formation of GaN shells placed an
upper limit on the allowable Ga precursor flux. Shell deposition was minimized by operating at
higher temperature and pressure. However, a reduction in the local supply of Ga to the seed
particle also limited InGaN formation. Therefore, brief high-flux pulses were used at lower
pressure to form InN/InGaN axial heterostructures with minimal shell formation. Electron
tomography and energy dispersive X-ray spectroscopy were used to analyze the Ga-driven
driven changes in nanowire morphology and composition, respectively. The reduction in
nanowire diameter upon the introduction of Ga was found to be driven by changes in seed
particle composition.

A flow-controlled approach was developed to modulate the diameter along individual
nanowires, which can enable unique properties including enhanced light trapping in nanowire
arrays and increased phonon scattering in thermoelectrics. In InN nanowires, a reduction in V
flow produced segments with larger diameters and slower growth rates. A reduction in III flow
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in GaN nanowires also produced segments with slower growth rates, but thinner diameters.
These trends are a consequence of the separate pathways traveled by the III and V sources to the
site of reaction, enabling control over the incorporation rate of III source into the seed particle
and the extraction rate of III source out of the seed particle, respectively.

Based on these promising results, models were developed to explore the potential for

template-free nanowire diameter modulation via particle-mediated growth. The results from
diameter-modulated InN and GaN nanowires were evaluated considering contributions of seed

particle volume, wetting angle, and three-dimensional morphology to the observed diameter
changes. To achieve large diameter ratios using liquid seed particles, significant changes in both
seed particle volume and wetting angle are necessary. Furthermore, the model was used to
evaluate the surface energy and morphology of the liquid/solid interface. The interface was
found to not be flat, contrary to common assumptions, which has significant implications for
nanowire growth models.

Finally, we extended the flow-controlled diameter modulation approach to GaAs nanowires,
demonstrating that the technique is generally applicable to particle-mediated compound
semiconductor nanowires. Both the III and V sources were varied during growth, producing
similar trends in diameter and growth rate as with III-V nitride nanowires. Notably, three
different types of [111]B-oriented nanowires were observed and had discrete differences in
diameter modulation, growth rate, and cross-sectional shape, which were attributed to differences
in seed particle phase. By controlling growth conditions during nanowire nucleation, each of the
three types of nanowires were preferentially produced, indicating that the seed particle phase can
be controllably varied in compound-forming seed alloys.

Together, these results provide a foundation for fabricating III-V nitride and other nanowires
with control over material structure, morphology, and composition. Experimental techniques
and theoretical models were developed that enable control over growth direction, tapering,
growth rate, defect density, composition, and diameter. These tools are helpful in achieving
nanowires with rationally tailored properties for functional nanowire-based devices.

Thesis Supervisor: Silvija Grade'ak
Title: Associate Professor of Materials Science & Engineering
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Chapter 1: Introduction

Semiconductors are the foundation of today's electronic and optoelectronic devices, from

computers to solar cells. Further advances in semiconductor devices are necessary for

electronics to keep pace with Moore's law, for more efficient and cost-effective lighting

technology, for generation of renewable solar energy, and for effective integration of intermittent

energy sources into the electric grid. Conventional semiconductor devices are generally based

upon films of semiconducting material - usually silicon - but demands for improved device

performance will require the use of novel materials and non-planar device architectures.

Nanowires, with their unique quasi-one-dimensional geometry, offer a promising platform for

fabricating devices with geometries and materials that are optimally tailored for specific

applications. 1-3

The III-V nitride materials system is a promising alternative to conventional semiconductors

such as silicon, as optical properties can be tailored by varying the composition of GalnAlN

alloys.' While nitride films are rife with threading dislocations, which are defects caused by

lattice mismatch with the underlying substrate, nanowires can be grown dislocation-free on

highly mismatched substrates.2 Nanowires can therefore enhance the properties of III-V nitride

materials and enable their integration with other semiconductor materials, including silicon. To

realize the advantages nanowire-based devices, it is necessary to exercise precise control of

nanowire structure, morphology, and composition, which remains a challenge.3 8 The focus of

this thesis is to investigate fundamental mechanisms of nanowire growth in order to develop

theoretical models and experimental techniques that lay the foundation for controlled growth of

III-V nitride nanowires.

1.1. Nanowire-based devices

The unique quasi-one-dimensional geometry of nanowires - which have nanometer-scale

diameters and micron-scale lengths - offers a variety of advantages in comparison to the planar

geometry of thin films, including efficient strain relaxation and alternative device geometries via

axial and radial variations in material composition and properties. The high surface-to-volume

ratio of nanowires allows efficient strain relaxation such that nanowires can be grown

dislocation-free on lattice-mismatched substrates. 2 While silicon is today's standard for
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semiconductor-based devices, other materials offer superior properties for various applications.

For example, the wide bandgap of GaN-based materials offers higher voltages, higher

frequencies, and high-temperature operation for power electronics. Unfortunately, the lack of

lattice-matched substrates available for epitaxial GaN growth results in high threading

dislocation densities in GaN thin films (106-102 cm-2), 9 which have been associated with high

leakage current in electronic devices,'0 yellow defect luminescence," and non-radiative

recombination. However, GaN nanowires can be grown dislocation-free on highly mismatched

substrates, including Si. 2

Nanowires provide a versatile platform for building nanoscale devices. In particular,

electronic homojunctions and heterojunctions can be generated either radially or axially (Figure

1-1). For many electronic and optoelectronic devices, these nanowire architectures can offer

enhanced performance compared to planar device geometries. In electronics, vertically aligned

nanowires with a radially coated gate offer the ability to create a high density of transistors.' 3

Furthermore, this gate-all-around configuration allows for junctionless transistors that control

switching without the need for p/n junctions,14 which is particularly valuable because control of

dopant levels becomes significantly more challenging as the transistor size is reduced.

a b

Figure 1-1. Radial and axial nanowire heterostructures. (a) Schematic illustration of a radial

nanowire heterostructure with a wedge-shaped section removed to show the radial variation in

composition. (b) Axial heterostructure in which discs of different composition are placed along

the nanowire. Green and orange regions represent different material composition.

Effective thermoelectric energy conversion requires that the material effectively scatter

phonons to reduce heat conduction, but conduct electrons to allow current to flow. These effects

are generally coupled, limiting the performance of thermoelectric devices. 5  Nanowires,

however, have diameters significantly smaller than the wavelength of phonons but greater than
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the wavelength of electrons. Consequently, nanowires with axial p/n junctions can achieve
significantly higher thermoelectric figures of merit in comparison to their planar
counterparts.16,17

For photovoltaics, radial p/n junction nanowires allow light absorption and carrier transport
processes to be geometrically decoupled. Most commercial photovoltaic (PV) devices today
consist of a planar film of material (e.g. Si) with an electron-conducting n-type region and a
hole-conducting p-type region layered on top of one another. Light absorption increases with
thickness, but this also increases the probability that photoexcited carriers will lose their energy
through recombination processes before being collected at the electrodes. By utilizing radial
heterojunction nanowires (Figure 1-2), transport occurs across the width of the nanowires,
reducing the distance that carriers must travel without recombining. This allows the length of the
nanowires to be increased, therefore enhancing absorption, without deleterious effects on carrier
transport. Furthermore, nanowire arrays reduce reflection off of the top surface due the presence
of pores and then effectively trap the light that enters those pores. Consequently, their
absorptance can be much greater than films of the same thickness and can approach near-unity
values. 18,19

a b

Figure 1-2. Planar vs radial p/n junction solar cells. (a) Planar p/n junction illustrating how
light absorption and charge carrier transport processes each depend on the film thickness.
Reflection off of the top surface is also shown. (b) Radial p/n junction nanowire array
illustrating light trapping within the array (left) and the decoupling of absorption and transport
processes, which occur vertically and laterally, respectively, within an individual nanowire
(right). Green and orange regions represent n- and p-type layers, respectively. Yellow lines and
black dots represent photons and electrons, respectively. Transparent and black layers represent
electrodes.

Organic photovoltaics (OPVs) offer the ability to fabricate lightweight PV modules on
flexible substrates using roll-to-roll processing. These devices could reduce both module and
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installation costs, each of which comprise about half of total installed PV system costs. 2 0

However, the performance of OPVs is hindered by limited absorption due to sub-optimal

bandgaps, poor carrier separation because of the short exciton diffusion length in organic

materials, and poor carrier transport due to the low electron conductivity in acceptor materials
21,22

and a lack of direct transport pathways in bulk heterojunctions. A promising alternative is a

hybrid photovoltaic device that integrates inorganic nanowires with organic materials.

Nanowires offer complementary absorption, high electron conductivity, and improved carrier

separation and transport via ordered arrays with direct transport pathways to the electrode. 23 ,24

Nanowires also offer many performance enhancements for semiconductor light emitting

diodes (LEDs) and lasers, which utilize multiple-quantum-wells (MQWs) to tune the wavelength

of emitted light and spatially confine electrons and holes to promote radiative recombination. By

moving from films to nanowires, this confinement is enhanced. Radial heterostructures can

also provide more total surface area for recombination than planar films.26 Because nanowires

function as free-standing Fabry-Perot cavities, low lasing thresholds can be achieved.27 In

addition to enhancing light emission, nanowires also enhance light extraction. Total internal

reflection limits the performance of LEDs, but the presence of multiple facets on nanowires

reduces this effect. 28  Periodic nanowire arrays can act as photonic crystals that enhance

directional emission of light,29 while individual nanowires can also promote directional emission

via waveguiding. 30-32

1.2. III-V nitride nanowires

GaN-based materials are excellent candidates for a variety of electronic and optoelectronic

devices, including some of those described above. In addition to their direct bandgaps and high

carrier mobilities, alloys of III-V nitrides offer bandgap tunability from infrared (InN = 0.7 eV)

to ultraviolet (GaN = 3.4 eV, AlN = 6.0 eV) photon energies. For electronics, the wide bandgap

of AlGaN offers higher voltages, frequencies, and operating temperatures in comparison to

conventional Si-based materials. For photovoltaics, InGaN alloys offer strong and tunable light

absorption, as well as high radiation resistance.' Due to visible light emission and efficient

carrier recombination, InGaN materials are already being used in commercially available LEDs.

Single-crystalline GaN is difficult to grow from a melt due to decomposition into Ga and N2

prior to reaching its high melting point (2500 C). 33 Instead, it is generally grown on a foreign
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substrate that can offer a lattice-matched template for epitaxial growth. Although GaN can be

grown on a variety of substrates including sapphire, SiC, and silicon,34,35 GaN films are plagued

by high densities of threading dislocations due to the mismatch between the GaN lattice and the

host lattice of the substrate.9 As stated previously, nanowires offer the ability to grow
dislocation-free III-V nitrides on highly mismatched substrates, including Si. 2

In addition, nanowires offer the ability to grow 111-V nitrides in nonpolar directions. The III-

V nitrides generally adopt a wurtzite crystal structure in which the arrangement of atoms the unit

cell produces spontaneous polarization in the (0001) c-direction. Because available substrates

for GaN growth offer the best lattice match in the c-direction, most GaN-based films are grown

in this polar orientation to minimize threading dislocations. However, polar orientations are non-

ideal for light recombination. Nitride LEDs use a MQW structure which promotes carrier

recombination by localizing electrons and holes within the InGaN quantum wells. For polar

heterojunctions, strain between GaN and the InGaN quantum wells causes piezoelectric effects

that induces band bending and a consequent spatial separation of electrons and holes. This

effect, called the quantum-confined Stark effect (QCSE),36 can be avoided by orienting the

heterojunctions along a nonpolar direction. 37 Although it is challenging to grow nonpolar GaN

films with low dislocation densities, it is possible to grow high-quality nonpolar-directional GaN

in the form of nanowires.

1.3. Nanowire fabrication

While nanowires offer much promise for a variety of electronic and optoelectronic devices,

the performance of nanowire devices is largely limited by the ability to controllably fabricate

nanowires with the properties necessary for these devices. Nanowires are often "grown" by

bottom-up techniques including particle-mediated growth, in which a metallic nanoparticle

serves as a "seed" for growth by collecting nanowire precursors and confining semiconductor

formation to the interface between the particle and the underlying material, resulting in a quasi-

one-dimensional nanowire. The properties of these nanowires depend on their structure,

morphology, and composition, which are in turn highly dependent upon growth parameters

including temperature, pressure, and flow rates. In order to tailor the properties of nanowires, it

is necessary to understand fundamental mechanisms of nanowire growth and the impact that

growth parameters will have on those processes.
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Structural factors include the crystallographic growth direction and defect density. The

growth direction is important for both geometry and crystallography. Depending on the

application, it may be desirable to grow nanowires either in-plane 39 or out-of-plane' 8 with the

substrate. Furthermore, the crystallographic orientation of the nanowire can significantly affect

its properties. As described above, III-V nitride with nonpolar-oriented heterojunctions can

achieve significantly higher efficiencies.3 7 Certain crystal structures have been fabricated only

as nanowires, including unique polytypes40 and both polytypic and twin-plane superlattices.41

Morphological factors include tapering, length, and diameter. Inadvertent radial film growth

on nanowires sidewalls during axial nanowire growth yields a tapered morphology and can

significantly affect the doping profile 42 and composition 3 of the nanowire. The nanowire length

affects photovoltaic conversion efficiency, 44 and the precise position of axial quantum wells in

LEDs affects their efficiency. 30 The diameter affects the gate voltage required for switching in

gate-all-around transistors, 45 and thin diameters in lightly doped or undoped nanowires can cause

depletion of carriers and inhibit carrier conduction.46 When the radius of the nanowire

approaches the Bohr exciton radius of the material, radial quantum confinement occurs, which

alters the electronic bandgap of the nanowire.47 Modulation of the diameter along the nanowire

axis can be used to enhance light trapping in photovoltaics,18 improve thermoelectric conversion

efficiency, 48 or modify the bandgap of radially quantum-confined nanowires.

Spatial variations in composition are essential for many nanowire-based devices. Control of

dopant levels is necessary for achieving p/n junctions with the desired current-voltage

characteristics and depletion widths. Heterostructures with significant changes in composition
r49 50 27are the basis for many devices, including high electron mobility transistors,49 LEDs, lasers,

and multijunction photovoltaics.1

The focus of this thesis is to expand fundamental understanding of nanowire growth

mechanisms and utilize that information to develop experimental techniques and theoretical

models that provide a foundation for controllably fabricating III-V nitride and other nanowire-

based devices.

1.4. Thesis outline

This thesis is organized as follows. First, important theoretical background and experimental

details are described to provide a framework for the studies in this thesis. Chapter 2 provides
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essential information about nanowire synthesis and structure, as well as motivations for the

specific techniques and investigations that are chosen. Chapter 3 describes the experimental and

theoretical techniques utilized for nanowire growth, characterization, and modeling.

Chapter 4 describes the growth of GaN nanowires with controlled structure and morphology.

Control over the crystallographic growth direction, tapering, growth rate, and defect density are

all achieved. A nucleation-mediated growth model is developed that explains the diameter-

dependent nanowire growth rate and demonstrates that nucleation occurs preferentially along the

perimeter of the liquid/solid interface. Defect density is reduced by appropriate material

selection of the particles that seed nanowire growth, and this effect can be understood based on

factors affecting nucleation.

Chapter 5 describes the synthesis of nonpolar-oriented InN/InGaN axial heterostructure

nanowires. These are achieved by using intermittent, high-flux pulses of TMG to produce

InGaN discs within InN nanowires. The observed change in nanowire shape in response to

introduction of Ga was investigated by utilizing various electron microscopy techniques to probe

and then explain the nanoscopic evolution occurring during growth.

The rest of the work focuses on nanowire diameter modulation. First, in Chapter 6, a

technique is developed to vary the diameter along the axis of individual InN and GaN nanowires

by adjusting the fluxes of the III & V precursors during nanowire growth. The III source can be

used to control the incorporation rate of the III element into the seed particle, while the V source

can be used to control the extraction rate of the III element out of the seed particle. A model is

developed in Chapter 7 to elucidate the relative contributions of changes in both seed particle

volume and wetting angle to the experimentally observed changes in nanowire diameter.

Furthermore, this model provides a foundation for the synthesis and characterization of

nanowires in other materials systems and allows the liquid/solid surface energy to be calculated,

providing insight into the structure of the liquid/solid interface. Finally, in Chapter 8, diameter-

modulated GaAs nanowires are synthesized, demonstrating that this flow-controlled approach

can be applied to other compound semiconductors. Furthermore, distinct differences in diameter

modulation and growth rate between nanowires were observed and attributed to differences in

seed particle phase. By manipulating nucleation conditions, diameter modulation behavior was

effectively controlled.
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Chapter 2: Fundamentals of Nanowire Growth

While semiconductor nanowires offer advanced design of electronic and optoelectronic

devices compared to their thin-film counterparts, realization of enhanced device performance

requires the ability to fabricate nanowires with desired structure, morphology, and composition.

These characteristics are affected by growth parameters such as temperature, pressure, and

precursor fluxes. By relying upon fundamental understanding of the nanoscale processes

occurring during growth, as well as the thermodynamic and kinetic factors that affect them, it is

possible to tune these parameters in order to achieve desired nanowire properties.

This chapter describes the techniques used to fabricate nanowires, with a special emphasis

upon the particle-mediated approach that is the chosen technique for the following experimental

investigations. The fundamental processes in nanowire growth are described in detail, as well as

the thermodynamic and kinetic factors affecting them. Specific considerations necessary for the

growth of III-V nitride nanowires are also described. Finally, different nanowire architectures

and strategies for fabricating them are discussed.

2.1. Nanowire fabrication techniques

Nanowires can be fabricated by a variety of approaches, which fall under two main

categories: top-down and bottom-up. Bottom-up approaches can be further segmented into

particle-free and particle-mediated approaches. The advantages and disadvantages of these

approaches are described below, as well as the reasons for choosing particle-mediated growth as

the technique used in this thesis work.

2.1.1. Top-down nanowire fabrication

Top-down approaches anisotropically etch material from films to leave free-standing

nanowires (Figure 2-la). Lithographic techniques - including optical lithography, electron

lithography, and nanosphere lithography -51,52 are used to define which areas that will be etched.

Etching techniques include wet etching, electrochemical etching, reactive ion etching, and metal-

assisted etching.53'54 These approaches are useful for generating uniform arrays of nanowires

with well-defined pitches and diameters, but they do have significant limitations. The

production of thin nanowires is challenging and depends upon the ability to achieve extremely



high aspect ratios via etching. Furthermore, integration of different materials is difficult with

this process. For axial heterojunctions, the etchant must preferentially etch all the materials in

the same manner. Most importantly for III-V nitrides, the defects that were present in the film

remain present in the nanowires. Because the original films do not have the benefit of efficient

strain relaxation, defects in lattice-mismatched materials would remain an issue.

a b C
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Figure 2-1. Methods of nanowire fabrication. (a) Top-down metal-assisted etching begins by
lithographpically templating a metal film to define where etching occurs (top). After the film is
selectively etched (middle), the metallic film is then etched (bottom). (b) Bottom-up selective
area epitaxy begins by templating an oxide film that leaves holes where nanowire growth can
occur (top). Nanowires are grown under conditions in which certain facets grow much faster
than others (middle). After growth, the oxide layer is removed (bottom). (c) Bottom-up particle-
mediated nanowire growth begins by depositing metallic nanoparticle "seeds" on the growth
substrate (top). Nanowires are produced by confining growth to the bottom interface of seed
(middle). The seeds can then be selectively etched after growth (bottom). Gray, blue,
transparent, and orange represent metal, nanowire material, oxide, and metal, respectively.

2.1.2. Anisotropic nanowire growth

One method of growing bottom-up nanowires leverages anisotropic growth, in which certain

crystal facets grow faster than others.5 5  Selective area epitaxy is commonly used to grow

ordered nanowire arrays and prevent nanowires from aggregating into dense nanowire films

(Figure 2-1b).56'57 While useful for certain systems and applications, anisotropic growth of

nanowires has a few drawbacks. First, the achievable aspect ratios between nanowire length and

diameter are limited by the ratio between vertical and lateral growth rates. Also, this approach

utilizes relatively slow growth rates,56 which can be costly due to low throughput and the high

temperatures required for growth. A significant issue for nitrides is that anisotropic nanowire
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growth occurs preferentially in the polar c-direction,5 8 whereas nonpolar-directional nanowires

would be preferable for axial heterojunctions in order to minimize the quantum-confined Stark

effect. 37

2.1.3. Particle-mediated nanowire growth

Particle-mediated growth utilizes a nanoparticle - referred to here as the "seed", which is

usually metallic - that provides an interface for preferential nucleation and confines subsequent

ledge growth to that interface. 59 60 This technique offers a high degree of control, as the diameter

and position of the nanowire can be controlled by the size and position of the seed particle

(Figure 2-ic). Because the diameter and length of the nanowire can be tuned independently,

arbitrary aspect ratios can be achieved. Electron beam lithography is not required to grow these

nanowires: thin metallic films can be deposited via evaporation, 38 or colloidal nanoparticles can

be deposited via solution.61 Furthermore, the seed particles alter the thermodynamics and

kinetics of the growth process in such a way that it is possible to exercise control over the

crystallographic growth direction of the nanowire. 62 Notably, III-V nitride nanowires with both

polar and nonpolar orientations have been achieved via particle-mediated growth.63'64

Particle-mediated growth commonly proceeds according to the vapor-liquid-solid (VLS)

mechanism, which was first described by Wagner and Ellis in 1964.'9 This process is illustrated

in Figure 2-2 using an example of Si nanowires grown using gold seed particles. First,

nanoparticles are deposited on an appropriate growth substrate (likely a Si wafer in this case).

Methods of Au nanoparticle deposition include direct deposition of colloids from solution,

electron beam lithography, and electron beam evaporation. The latter involves the deposition of

a nanometer-scale film that, when heated, leads to dewetting into nanoparticles. These substrates

are placed into the growth chamber, heated to a temperature above the Au-Si eutectic (363'C),

and grown by the following steps, illustrated in Figure 2-2:

1. Si precursors (e.g. SiH4) are introduced into the system and decompose into Si

adatoms, which incorporate into the solid Au seed particle and form a Au-Si alloy.

2. When the alloy reaches a high enough Si concentration, it eventually reaches the

liquidus and becomes a liquid.

3. At even higher concentrations, excess Si in the liquid alloy provides a driving force

for solid Si growth.
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4. Due to Si supersaturation, nucleation of solid Si occurs, followed by ledge growth

along the liquid/solid interface, leading to a layer of Si between the seed particle and

the underlying substrate. This process is repeated in layer-by-layer fashion until

growth is ceased and yields a quasi-one-dimensional nanowire.
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Figure 2-2. Vapor-liquid-solid (VLS) mechanism of nanowire growth. Binary AuSi phase

diagram with schematic illustrations of the VLS mechanism. The seed particle begins as a solid

Au particle (yellow; step 1). Si (red) from provided via gaseous precursors alloys with the seed

and forms an AuSi alloy (light orange) once liquidus is reached (step 2). Further Si

incorporation (step 3) yields a supersaturated AuSi alloy (orange) that drives formation of Si at

the liquid/solid interface (step 4). Step 4 is repeated layer-by-layer to produce a quasi-one-

dimensional Si nanowire (right).

The example above for Au-assisted Si nanowires provides a general description of the VLS

process, but there are many important exceptions in particle-mediated growth that differ from the

above process. First, the temperature does not necessarily have to be above the eutectic in order

to promote nanowire growth. Nanowires can also grow from solid seed particles. 65-67 This

vapor-solid-solid (VSS) process is otherwise the same in that a supersaturated alloy drives

growth of solid material over an area confined by the seed particle.

Particle-mediated growth of compound semiconductors also differs from the elemental case.

For Au-assisted Si, the seed is an alloy of the seed metal and the material that composes the

nanowire, and growth of Si is driven by supersaturation of Si in Au-Si. For compounds, the

alloy is generally composed of the seed metal and the elements that form the compound, not of

the metal and the compound itself. In the case of Au-assisted GaN growth, Ga alloys with Au

but N is insoluble in both Au and Ga.68 ~70 It instead arrives at the vapor/liquid/solid triple-phase
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boundary (TPB) and then diffuses along the liquid/solid interface to the site of reaction (Figure

2-3).61

For some compound semiconductors, it is possible to grow "self-assisted" nanowires, in

which the seed metal is one of the constituent elements in the compound being grown. For

example, GaAs nanowires can be grown using Ga seed particles. 71 This process eliminates the

risk of introducing impurities than can arise from using foreign metals as seeds,72 but it also

limits the range of conditions that can be used to grow nanowires in order to avoid consuming

the seed metal during growth.73

2.2. Fundamentals of particle-mediated nanowire growth

In order to fabricate nanowires with the desired structure, morphology, and composition, it is

necessary to understand and control the fundamental processes that occur during nanowire

growth. This section describes the basic steps that take place during nanowire growth and how

the rate-limiting step can be determined by analyzing the growth rate as a function of diameter.

Additionally, nucleation is discussed in detail, including how the shape of the liquid/solid

interface can affect nucleation. Finally, criteria for seed material selection are discussed.

2.2.1. Fundamental processes

As illustrated in Figure 2-3, particle-mediated growth involves the following processes:

1. Decomposition of precursors. Some precursors (e.g. metallic Ga for GaN) may

already be present in their elemental form, but others (e.g. trimethylgallium and NH3

for GaN) have to decompose to form elemental adatoms. Notably, decomposition

may occur at various points during the growth process, including during precursor

injection prior to arrival at the substrate or on the surface of the substrate, nanowire,

or seed particle.

2. Transport of precursors/adatoms to the seed particle. Transport occurs through

diffusion of both vapor-phase precursors and adsorbed adatoms.

3. Incorporation of the elemental adatoms into the seed particle.

4. Diffusion of elemental precursors through the seed.

5. Reaction at the liquid/solid (seed/nanowire) interface.
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Figure 2-3. Fundamental processes in III-V nitride nanowire growth. Schematic illustration

of the fundamental processes that occur during III-V nitride nanowire growth. The III, N, C, and

H elements are represented by blue, yellow, black, and white circles, respectively. The substrate,

nanowire, and seed are represented in gray, green, and orange, respectively. Precursor

decomposition (step 1) is indicated here as occurring prior to arrival at the substrate, although it

may actually occur on the substrate, nanowire, or seed surface. Both vapor and adatom diffusion

(step 2) are shown. The adatom collection zone (semi-transparent blue) is dependent upon the

diffusion length of III source along the substrate (A2) and nanowire (A,). Steps 3-5 are illustrated

on the right and correspond to incorporation into the seed (step 3), diffusion to the site of

reaction (step 4), and kinetic reaction at the seed/nanowire interface (step 5).

Analyzing the nanowire growth rate as a function of diameter helps to provide insight into

which processes are rate-limiting. The diameter-dependent growth rate has been analyzed for a

variety of materials under different growth conditions, and steps 2 and 5 have consistently been

observed as the rate-limiting processes in nanowire growth.74 79

In the case of reaction-limited growth, one might expect the growth rate (vrxn) to be

independent of diameter based on the following equation.

van" = Kx ( kBj(2-1)

Here, n is an empirical constant with a well-accepted value of 2,74,80 K is a kinetic coefficient

independent of Ap, Apo is the change in chemical potential for the bulk material (i.e. nanowire

diameter -+ oo), kB is the Boltzmann constant, and T is the growth temperature.8 1 However,

experimental observations indicate that the growth rate tends to increase with diameter during

reaction-limited growth. Multiple authors have attributed this result to the Gibbs-Thomson
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effect,75- 77 in which constituents of smaller particles have higher chemical potentials due to the

increased surface-to-volume ratio. Therefore, thinner nanowires would grow slower than thicker

ones because of the reduced driving force for nanowire growth. In this case, the growth rate

(VGT) can be expressed as,

VGT = T)2 (2-2)
(kBT BT d)

where 9 is the atomic volume of the source material in the crystal and y is the surface energy of

the nanowire.81

Transport of precursors to the seed occurs by diffusion of both vapor and adatoms. Because

vapor transport is much more rapid than surface adatom transport, diffusion-limited growth is

generally dictated by adatom diffusion. The equation for the growth rate in this case is given by,

vad=K Au _4Q; 1_2 l2(i1+ A2) _4A22 (2-3)
ad(kBT BT d) d d 2)

where A1I and '2 are the portions of the diffusion length (A= =A + 12) along the nanowire sidewalls

and the substrate, respectively (Figure 2-3).81 When 1 >> 12, the growth rate is proportional to

I/d. When , >> 12, the growth rate is instead proportional to I/d2.74,71

One issue with the Gibbs-Thomson model is that the growth rate expression assumes

continuous growth on a rough interface. Nanowire growth generally proceeds by layer-by-layer

growth in which each new layer needs to be nucleated. Nucleation occurs relatively slowly in

comparison to subsequent ledge filling, so reaction-limited growth models should account for

nucleation-limited growth. Kashchiev presented a model for nucleation-mediated growth on a

two-dimensional island, given as follows,

VNM - a d 2  (2-4)
1 + a2d

Here, a, (nm-1 min-) and a2 (nm-2) describe the rates of mononuclear and polynuclear growth,

respectively. 82 The d2 term originates from the assumption that the nucleation probability

increases with the area over which nucleation can occur, although it is possible that nucleation

may occur preferentially at the perimeter.38,60 A model that accounts for preferential perimeter

nucleation may more accurately describe the fundamental nanowire growth mechanism in many

cases.
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2.2.2. Nucleation and the liquid/solid interface

Nanowires have been observed to be able to grow faster than their thin-film counterparts with

fewer stacking defects.83 Because it enables greater growth rates, the seed particle has

commonly been referred to as a catalyst. Notably, the chemical potential of the constituent

elements decreases from the vapor to liquid to solid phases. Thus the reduction in chemical

potential from vapor to solid in film growth is greater than the reduction in chemical potential

from liquid to solid in nanowire growth. The higher growth rate of nanowires versus films,

despite a lower reduction in chemical potential for the reacting species, can be explained by the

reduced energy of the nucleus. Interfacial energies for liquid/solid interfaces are generally less

than those for vapor/solid interfaces, 84-86 In a nanowire, a nucleus creates new liquid/solid

interfaces rather than new vapor/solid interfaces, yielding a lower energy nucleus. Thus the

reduced nucleation barrier would explain why nanowires can grow faster than films despite

lower supersaturation, while growth at low supersaturation also minimizes stacking defects. 878 8

It is often assumed that the nanowire interface is flat (Figure 2-4a,b) and that nucleation

occurs at the vapor/liquid/solid triple-phase boundary (TPB), 5' 89-94 and this assumption has been

used to explain structural and morphological changes in nanowires., 92 94 Wacaser et al.

suggested that nucleation should occur preferentially at the TPB because of its relatively high

supersaturation. 60 There is a reduction in constituent chemical potential at each point between

the vapor, liquid, and solid phases, so the supersaturation will be higher between the vapor and

solid phases at the TPB than between the liquid and solid phases at the liquid/solid interface. In

this case, the change in free energy of a homoepitaxial nucleus (AG) on the liquid solid/interface

of a growing nanowire can be expressed as follows,

AGn = nAP + As a, + A CIS (2-5)

where n is the number of atoms in the nucleus, Ap is the change in chemical potential, and A and

a are the areas and surface energies of vapor/solid (vs) and liquid/solid (ls) interfaces. However,

the energy of the liquid/solid interface (ls) is generally less than the energy of the vapor/solid

interface (a,). For uls < uv, a nucleus would actually have lower energy away from the TPB.
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Figure 2-4. Liquid/solid interface morphology during nanowire growth. (a) Flat liquid/solid
interface between a liquid seed (orange) and solid nanowire (green). Nuclei 1 and 2 (red)
correspond to nucleation at and away from the TPB, respectively. These nuclei create new facet
areas (A) with vapor/solid (vs) and liquid/solid (is) interfaces, which have different surface
energies (a). (b-d) Three different potential liquid/solid interface morphologies: flat (b), faceted
(c), and rounded (d). Semi-transparent areas indicate portions of the nanowire that are enveloped
by the seed particle. Nuclei show potential preferential nucleation sites for each morphology.

Recent experimental 7'95'96 and theoretical9 7~'0 studies indicate that the liquid/solid interface

may be either faceted (Figure 2-4c) 7'95~98 or rounded (Figure 2-4d)99 at some length scale near the

perimeter of the liquid/solid interface. Notably, separate authors have performed in situ TEM

studies of nanowires in different materials systems and observed faceted morphologies in which

the size of the edge facet fluctuated cyclically with each new monolayer.7'95'96 In each case, the

edge facets grew quickly until a new monolayer was nucleated, at which point material from the

edge facets dissolved back into the seed (Figure 2-5). Oh et al. observed the liquid/solid

interface of growing A120 3 nanowires with atomic resolution and reported a cyclic process

illustrated in Figure 2-5a.96 They observed edge facets around the entire perimeter of the

liquid/solid interface, each of which appeared atomically sharp and grew layer-by-layer,
maintaining the same inclination angle. As soon as these facets were filled such that the upper

liquid/solid interface made contact with the TPB, a new monolayer was nucleated. This result

does indicate that nucleation at the TPB may be preferential and provides a mechanism by which

non-flat liquid/solid interfaces can make contact between the upper surface and the TPB.

However, other authors have observed a different cyclic process in multiple nanowire

materials including Ge, Si, and GaP.7'95 In these studies, the angle of the edge facet fluctuated

during growth, and the facet was never completely filled before a new monolayer was nucleated.

In other words, no contact was made between the upper liquid/solid surface and the TPB (Figure

2-5b). However, while individual facets were observed to display this behavior, these facets
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were not observed around the entire liquid/solid interface. The other facets could be flat, which

would allow nucleation at the TPB. Alternatively, they may be either faceted or rounded, which

could prevent nucleation at the TPB unless growth proceeds by a mechanism similar to that

described above for A12 0 3 nanowires. Unfortunately, the dark contrast of the seed particle in

these studies would have prevented a full view of such interface structures.

seed nanowire, enveloped by seed Madded material during cycle

Figure 2-5. Growth mechanisms for faceted liquid/solid interfaces. (a) Growth mechanism
observed in [96] for A120 3 nanowires. Edge facets are present around the entire perimeter of the
liquid/solid interface (left). (b) Growth mechanism observed in [7,95] for Ge, Si, and GaP
nanowires. One large edge facet is present at the perimeter of the liquid/solid interface (left).
Steps 1-4 show magnified views of the dashed regions and represent (1) the initial interface
morphology, (2) rapid growth along the edge facet, (3) nucleation of a new monolayer on the
upper liquid/solid surface, and (4) simultaneous ledge growth and reformation of the edge facet
by dissolution of the nanowire.

The structure of the liquid/solid interface has significant consequences, including the

preferred nucleation site. This significantly affects models of nanowire growth and explanations

of certain phenomena, including the mechanism of twinning.7 In addition, periodic dissolution

of nanowire material may limit the achievable sharpness of heterointerfaces,7 and the presence of

rough facets may affect the incorporation of dopants.4 Therefore, further investigations into the

liquid/solid interface structure and its role in nanowire growth can help provide a better

foundation for understanding observed growth phenomena.
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2.2.3. Seed material

The seed metal has a significant impact on many aspects of nanowire growth. The most

basic consideration in seed particle selection is the phase diagram for the seed metal and the

alloying element(s). Seed metals are often chosen such that the alloy will liquefy at the

temperatures used for nanowire growth. For elemental nanowires of uniform composition, phase

information is generally readily available. For compound semiconductor alloys, ternary phase

diagrams are not always available. Seed particle selection for compound semiconductors is

further complicated by the fact that the alloy is generally composed of the seed metal and a

nonstoichiometric combination of the constituent elements of the nanowire, rather than an alloy

of the seed particle with the compound itself. Furthermore, it is possible to promote nanowire

growth with solid seed particles. 65-67 In fact, Ross et al. grew SiGe axial heterostructure

nanowires using AlAu seeds and found that more abrupt heterojunctions could be generated by

operating below the eutectic temperature with solid seed particles.' 0' Even when seed metals

have very similar phase diagrams, they do not necessarily produce similar results in nanowire

growth. For example, the phase diagrams of Au-In and Ag-In are similar at the temperatures

used for nanowire growth, but have yielded very different results in the growth of InN

nanowires. Another important consideration is the solubility of the seed metal in the
72,103nanowire, as incorporation of metal impurities can erode nanowire properties.

Surface energy is another important consideration for the seed metal, as the seed metal

affects the surface energies at the vapor/liquid and liquid/solid interfaces, thereby affecting the

energy of a nucleus (see Equation 2-5) and consequently the nanowire growth rate.' 04

Additionally the crystallographic orientation can be affected,63 as the preferred orientation will

minimize total energy, which includes the energy of the liquid/solid interface. While the seed

particle attributes described above are known to impact nanowire growth, no model presently

exits for predicting the viability of particular seed-nanowire combinations. Therefore, suitable

seed metals have been largely been determined by trial and error.

2.3. Nanowire architectures

In order to fabricate nanowires with desired architectures, it is necessary to not only

understand the fundamental processes in nanowire growth, but also how they can be altered with

various growth parameters including temperature, pressure, and precursor flow rates. The
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following section describes current understanding of how certain nanowire characteristics -

specifically crystallographic growth direction, tapering, composition, and diameter - can be

affected by various growth parameters during particle-mediated growth.

2.3.1. Crystallographic growth direction

The crystallographic growth direction is determined by maximizing the reduction in energy

going from droplet to nanowire (AG), which can be described as follows.

AG = nAGf + (Av, 2UvI2 - A 1 1,UI )+( As 2 as,2 - As Ci, J+ A, 2 os5, 2 + Ass, 2 ss,2 +AGtain (2-6)

Thus the growth direction is dependent upon the formation energy of the nanowire (AGf), the

strain energy (AGstrain) resulting from lattice mismatch between the nanowire and the substrate,

as well as the areas (A) and surface energies (u) of all vapor/liquid (vl), liquid/solid (is),

vapor/solid (vs) and solid/solid (ss) interfaces before (1) and after (2) nanowire formation (Figure

2-6).

Figure 2-6. Surface energies affecting growth direction. Schematic illustrations of the seed

before nanowire growth (left) and the seed and nanowire after nanowire growth (right). Labels

indicate the areas (A) and surface energies (a) of the vapor/liquid (vf), liquid/solid (is),

vapor/solid (vs), and solid/solid (ss) interfaces before (1) and after (2) nanowire formation.

Because particle-mediated growth presents so many factors that affect the growth direction, a

variety of nanowire orientations can be achieved by controlling growth conditions.62 Two the

most significant factors are the choice of seed and substrate materials. The seed metal has a

significant impact on AG, av,, and als. Kuykendall et al. observed that GaN nanowires grew

preferentially in the m and a directions when seeded by Au and Ni, respectively. 63 The size of

the seed particles can also have a significant impact on the preferential growth direction, because
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it affects the relative areas of all the surfaces. Although Si nanowires tend to grow in the [111]

direction, multiple authors have found that Si nanowires with diameters < 20 nm grow in the

[110] direction.105' 106

The choice of substrate affects uls, a, and AGstrai. By using (100) y-LiAlO 2 and (111) MgO

substrates, Au-seeded GaN nanowires could be grown in the c and m directions, respectively.64

Notably, the crystallographic orientation of the nanowire affects faceting and, consequently,

surface energy (u,,). In this case, the cross-sections of c-GaN and m-GaN nanowires are

hexagonal and triangular, respectively.

Growth conditions such as temperature and pressure can also affect the orientation of

nanowires. Shan et al. observed that CdSe nanowires grew in the [110] versus [111] direction

when grown at 480'C versus 500'C, respectively.107 Others found that the preferential growth

direction of Si nanowires could be changed from [111] to [112] by increasing the system

pressure.' 08 Furthermore, the growth direction could be modified during growth by varying the

pressure, producing kinked nanowires. 109 Unlike the effects of material selection, the impacts of

changes in growth conditions are often more difficult to explain and therefore predict. For

example, temperature indiscriminately affects nearly every kinetic process occurring during

nanowire growth, as well the thermodynamic properties of the seed, nanowire, and substrate.

Thus it is not impossible to provide a single analytical explanation for the effect of temperature

on nanowire growth direction.

The crystallographic growth direction in Ill-V nitrides is particularly important due to

spontaneous polarization in the [0001] c-direction (Figure 2-7a) arising from the lack of

centrosymmetry in the unit cell. When heterojunctions are formed along this direction, the strain

between the layers of different composition yields piezoelectric polarization.'1 In very thin

layers, including the MQW structures used in GaN-based LEDs, this polarization yields

significant band bending and a consequent spatial separation of electrons and holes (Figure

2-7b), reducing the probability of radiative recombination. The issue, called the quantum-
36confined Stark effect (QCSE), is particularly significant in InGaN because of the large lattice

mismatch between GaN (a = 3.2 A, c = 5.2 A) and InN (a = 3.5 A, c = 5.7 A).

The QCSE can be minimized by orienting heterojunctions along nonpolar orientations

orthogonal to the c-direction, including the [11-20] a-direction and [1-100] m-direction (Figure

2-7c). Nitride films are generally c-oriented due to preferential c-directional growth and lower
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mismatch with available substrates.3 7 Some progress has been made in fabricating semipolar

(non-[0001] directions that are not nonpolar) and nonpolar GaN-based films, but these

advancements have been largely based upon prohibitively expensive, low-area GaN templates."'

Anisotropic GaN nanowires grow preferentially in the [0001] direction, in which case only radial

heterostructures can be fabricated to have nonpolar-heterojunctions. Particle-mediated nanowire

growth, however, has produced GaN nanowires grown in the c, m, and a directions.63,64 The

growth direction has been controlled largely based on the choice of seed metal63 and substrate.64

While these different growth directions have been achieved with GaN, axial InGaN

heterostructures have only been reported in the c-direction.

a b [0001] C [1-100

[0001] -'

Figure 2-7. Nitride crystallography. (a) Crystallographic planes in the unit cell of III-V
nitrides. The c-direction (green) is polar, while the a- and rn-directions (orange and blue,
respectively) are nonpolar. (b,c) GaN nanowires with embedded InGaN quantum wells (top) and
corresponding band diagrams (bottom) for c-oriented (b) and m-oriented (c) nanowires. The
color of the InGaN quantum wells corresponds to the orientation in (a). The band diagrams
illustrate the overlap between electrons (black) and holes (white).

2.3.2. Tapering

During nanowire growth, film growth of a "shell" can occur simultaneously on the sidewalls

of the nanowire "core", yielding a tapered morphology (Figure 2-8). Although the tapered

morphology can potentially have some benefits, including improved light trapping, 29 it can also

complicate control of the dopant profile42 and composition 43 of the nanowire.

Tapering can be minimized in a variety of ways. The most common strategy to minimize

radial shell growth is to operate at reduced growth temperatures.''2,' 3 As discussed previously,
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nanowires lower the driving force required to promote semiconductor growth. Thus nanowires

can be grown at lower temperatures than films. During Ge nanowire growth using GeH4 and H2 ,

Musin et al. effectively passivated the nanowire sidewalls by introducing methylgermane." 4

Although Ge nanowires usually taper above 300'C, they were able to grow untapered Ge

nanowires above 475'C. Xu et al. recently found that tapering on GaAs nanowires could be

minimized by increasing nanowire density, which can be attributed to effective consumption of

precursors by the seed particles." 5

Figure 2-8. Tapered nanowire. (a) Tapered III-V nitride nanowire in which axial nanowire

growth (solid green) occurs through the seed (orange), while radial film deposition (semi-

transparent green) occurs by reaction of III (blue) and N (yellow) adatoms before they reach the

seed.

2.3.3. Nanowire junctions and heterostructures

Spatial variations in composition are the basis of electronic and optoelectronic devices.

Variations in low concentrations of dopant atoms are required to create p/n junctions and

generate built-in electric fields to control the flow of current. More significant changes in

composition can yield a variety of unique properties. For LEDs, lower bandgap MQW layers are

embedded within a higher bandgap material so that electrons and holes fall into the wells,

providing spatial confinement to promote radiative recombination. Also, high electron mobility

transistors can be created via modulation doping, in which layers of different composition and

doping levels yield an interfacial layer in which the Fermi energy lies above the conduction band

edge, yielding an accumulation of "electron gas" that has metallic behavior with extremely high

conductivity.49 Nanowires allow heterojunctions to be formed axially or radially (Figure 1-1),

depending on the preferred architecture for the particular application.
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For particle-mediated nanowires, abrupt axial heterojunctions are sometimes difficult to

achieve because of the "reservoir effect," in which a graded heterojunction results from a gradual

change in the composition of the seed despite abrupt changes in precursor flows."16 Wen et al.

were able to achieve abrupt Si/Ge heterojunctions using solid AlAu seed particles, which have

low solubility of Si and Ge and therefore minimize the reservoir effect.101 Dick et al. achieved

abrupt InAs/GaAs heterojunctions by first pulsing trimethylgallium (TMG) to steadily drive In

out of the alloy without promoting incorporation of Ga into the nanowire. Then a continuous

TMG flow was used to grow GaAs, yielding an abrupt InAs/GaAs junction." 7  In 111-V

nanowires, the reservoir effect is less significant when the V element is varied at the junction,

because the seed alloy holds significant concentrations of III elements but very low

concentrations of V elements."18

Heterostructures composed of InGaN are particularly challenging to fabricate, largely due to

the significant miscibility gap (~10-90% In in InxGai-,N)119 and strain (~10% lattice mismatch)

between GaN and InN. Phase segregation is common, 2 0 and compositions near the center of the

miscibility gap have rarely been achieved. Notably, the one report of tunability across nearly the

entire composition spectrum of InGaN was produced using nanowires.1 However, the authors

used a halide process that produces HCl gas during growth, and little control was demonstrated

over the nanowire morphology, which included significant tapering. Additionally, no similar

reports have been made since, motivating the use of other techniques to fabricate InGaN alloys.

A variety of factors affect the composition of semiconductor alloys. A significant factor is

the relative flux of precursors (e.g. trimethylindium versus trimethylgallium for InGaN).122 The

composition of InGaN also depends largely upon the growth temperature. Yoshimoto et al.

found that InGaN thin films contained significantly more In at lower temperatures,122 which is

likely a consequence of the low stability of InN at higher temperatures.123 As discussed above,

the composition of the seed particle alloy has a substantial effect on the composition of the

nanowire. In addition, the nanowire diameter can affect the composition. Zhang et al. found that

the Ge composition in SiGe nanowires increased with diameter due to differences in the

diameter-dependent growth rates of Si and Ge nanowires.124 With limited reports of particle-

mediated ternary InGaN nanowires, there is little known about how such growth parameters

affect the composition of these alloys.
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2.3.4. Diameter modulation

Changes in the diameter along the nanowire axis can impart unique properties to nanowires

and nanowire arrays. For example, the light-trapping effect of nanowire arrays can be enhanced

by using dual-diameter nanowires that are thin at the top and thick at the base.'" The thin-

diameter tips reduce reflection off of the top surface, while the thick-diameter bases increase the

absorption of light that penetrates into the interstices of the array. Theoretical work by Zianni

indicates that nanowires with controlled diameter modulations can yield very high ZT values, the

thermoelectric figure of merit that describes the ratio between electron and phonon conduction.48

By modulating the diameter, phonon scattering can be increased without significantly affecting

electron conduction. For nanowires with diameters below the Bohr exciton radius, the bandgap

increases as diameter decreases. 47 In this quantum-confined regime, the nanowire bandgap can

tuned via diameter, either as an alternative or in addition to changes in nanowire composition.

Furthermore, thin-diameter notches could be placed periodically along the nanowires to serve as

preferential sites for controlled fracture, thereby increasing throughput in nanowire fabrication.

Many different methods have been reported to control the diameter of nanowires with

uniform width, yet while unintentional changes in nanowire diameter have commonly been

observed,67,125,126 few have demonstrated controlled modulation of the diameter during growth.

The initial diameter of nanowires can be controlled by the use of colloids with known diameter,61

the thickness of seed films, 38 electron beam lithography,127 or the size of pores in a template.18

Fan et al. synthesized Ge nanowires with thick bases and thin tips by performing a two-step

anodization of an alumina template.' 8 Template-free approaches are desirable in order to reduce

cost, fabricate diameter-modulated nanowires over large areas, and modulate the diameter

cyclically between thick and thin. The diameter of SiC nanowires was changed by varying the

pressure during growth,128 but the mechanism for these changes was unclear, and the technique is

not applicable for other precursors and materials systems. The diameter of Ge nanowires was

controlled by using trimethyltin to prevent shell deposition in selected regions.129 However, the

use of a shell to achieve diameter modulation can have significant limit control over doping42

and composition.43 Additionally, the applicability of this technique to other materials is unclear,

and the potential introduction of impurities from the foreign material could erode nanowire

properties. Therefore a need remains for a template-free method of fabricating diameter-

modulated nanowires that is applicable across a variety of materials systems.
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Chapter 3: Experimental Methods

The experimental techniques and the foundation for the theoretical models used for the

investigations in this thesis are explained in this chapter. Chemical vapor deposition (CVD)

techniques, including metalorganic chemical vapor deposition (MOCVD) were used to fabricate

GaN, InN, InN/InGaN, and GaAs nanowires. Electron microscopy tools were used extensively

to characterize the structure, morphology, and composition of the nanowires. Details of the

processes, equipment, and settings used are described below. Additionally methodologies and

assumptions are described for data acquisition and modeling of the following: the composition of

the nanowire and seed particle, the three-dimensional shape of the seed particle, and the

evolution of diameter along the nanowire axis.

3.1. Synthesis of I1-V nitride nanowires

Nitride nanowires including GaN, InN, and InN/InGaN heterostructures were synthesized by

a combination of CVD and MOCVD techniques using metal colloids and films to seed growth.

Details of the experimental setup, growth conditions, and substrate preparation are described

below.

3.1.1. Experimental setup

Nitride nanowires were grown in a hot-walled horizontal-flow chemical vapor deposition

system as shown in Figure 3-1. All components in the reaction chamber are made of quartz,

except the stainless steel load plate. The furnace has three independently-controlled temperature

zones (load, center, and end). Growth temperatures varied from 500-950'C, and system

pressures varied between 50-760 Torr. The carrier was N2, H2, or a combination of both. In all

cases, NH3 was used as the V source. Both carrier gas and NH3 were delivered through the

background line.

The system is equipped for use with both metallic (Ga, In) and metalorganic

(trimethylgallium, trimethylindium) precursors as the III sources. Trimethylgallium (TMG) and

trimethylindium (TMI) are delivered by bubbling carrier gas (N2 or H2) through bubblers to

separate injection lines connected to tube injectors that carry the gas from the load zone to the

center reaction zone where the substrates are placed (Figure 3-1). The temperature and pressure



of the bubblers, as well as the flow rate of carrier gas, were all used to control the flux of

metalorganic precursors. When Ga was used, it was placed in a crucible with an independently

controlled temperature, and carrier gas was flown over the crucible through a tube injector.

When In was used, it was placed in the reaction zone either on or next to the growth substrates.

b injectors
+-background substrate(s)

r I pump

furnace
+manifold
+-TMG line

TMG

TM - TMI line

Figure 3-1. Chemical vapor deposition system for nitride nanowire growth. (a) Picture of the
chemical vapor deposition system used for all III-V nitride nanowire growths. (b) Schematic
illustration of the reaction furnace, quartzware, and gas injection lines.

All growths contained the following segments. First, growths began by pumping the system

for about 20 min down to approximately 150 mTorr, then ceasing pumping to ensure that the rate

of rise in pressure was no more than 20 mTorr/min. All gas lines were then purged with

nitrogen, and the system pressure was increased to the pressure used for growth. The system was

then heated to the growth temperature under a nitrogen atmosphere. Hydrogen was introduced

briefly prior to growth to reduce any potential oxides on the surface. Unless otherwise noted, the

III & V sources were introduced simultaneously to initiate growth. When fluxes of the III & V

sources were varied during growth, the flow of carrier gas through the background line was

adjusted to keep the total flow rate of gas constant. Unless otherwise noted, a nitrogen

environment was used during cooling.

The quartzware was routinely cleaned by first heating it to 850'C for 3 hours in atmosphere,

then placing it in concentrated phosphoric acid (J.T. Baker, 85% o-H 3PO4) until clean. It was

then rinsed with deionized (DI) water and dried with compressed air.
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3.1.2. Substrate preparation

Substrates that were used included (0001) c-sapphire, (10-12) r-sapphire, c-GaN on c-

sapphire (c-GaN/c-sapphire), and (11-20) a-GaN on r-sapphire (a-GaN/r-sapphire). GaN films

on sapphire were 2-5 ptm thick. Substrates were cleaved from 2" wafers to approximately 0.5

cm x 1 cm, sonicated for 10 min each in acetone, methanol, and deionized water, and then stored

in ethanol until seed deposition.

An electron-beam evaporator was used to deposit Au and Ni films ranging from 1-5 nm

thick. The pressure during deposition exceeded no more than 1 x 10-5 Torr, and the deposition

rate ranged from 1-4 A/s.

For colloid deposition, substrates were first coated with 20 pIL of poly-L-lysine for 10 min to

help the colloids to adhere to the substrate. The substrates were then rinsed with DI water and

dried with compressed air. An aqueous solution of 60 nm Au colloids (BBI Solutions, 3 x 10-4 M

Au) was diluted with equal parts DI water, and the substrates were coated with 20pL of the

diluted solution for 10 min. The substrates were then rinsed with DI water, dried with

compressed air, and kept in a desiccator until being used for growth.

3.1.3. GaN nanowire growth

For the GaN nanowires used in the development nucleation-mediated growth model, the

CVD setup shown in Figure 3-2a was used. Gold films with thicknesses of 1-3 nm were

deposited onto a-GaN/r-sapphire substrates, which were placed 2 cm downstream from the

injector. Nanowires were fabricated at 900'C and atmospheric pressure. The carrier gas was a

mixture of N 2 and H2 varied between 0-60% H2. A quartz crucible containing Ga (Aldrich,

99.999%) was kept at 950'C. During growth, 500 sccm carrier gas and 50 sccm NH3 were

delivered through the background line, while 7 sccm N2 was delivered through the Ga crucible

injector. The growth time was 20-40 min.

For comparing Au and Ni seed particles, the MOCVD setup shown in Figure 3-2b was used.

Films of Au and Ni with thicknesses of 1-5 nm were deposited onto r-sapphire substrates were

deposited by electron beam evaporation. Growth was performed at 850'C and 100 Torr by

flowing 400 sccm N2 and 50 sccm NH 3 through the background line, as well as 0.85 sccm H2

through the TMG bubbler and an another 150 sccm H2 to carry the TMG through the injector

line. The growth time was varied between 0.5-80 min.
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Figure 3-2. Setup for CVD and MOCVD GaN nanowire growth. (a,b) Schematic illustration
of the quartzware setup, precursors, and gas injection for both CVD (a) and MOCVD (b) GaN
nanowire growth.

For the diameter modulation studies, a setup similar to that in Figure 3-2b was used, except

that the TMG injector was first coated with Ga prior to growth. To coat the injector, the system

was heated to 860'C under a N2 atmosphere before flowing 400 sccm N2 and 20 scem NH 3

through the background line, as well as 6 sccm H2 through the TMG bubbler and another 150

sccm H2 to carry the TMG through the injector line. After the injector coating, r-sapphire and a-

GaN/r-sapphire substrates coated with 1 nm Au were loaded into the furnace and placed 1 cm

from the injector head. Growths were performed at 835'C using 150 sccm H2, 400 sccm N2, and

50 sccm NH3. H2 was delivered through the injector line, while the remaining gases were

delivered through the injector. The growth time varied from 15 min - 2 hr.

3.1.4. InN nanowire growth

Indium nitride was grown by both CVD (Figure 3-3a) and MOCVD (Figure 3-3b)

techniques. In both cases, the quartware was cleaned prior to each growth by flowing 250 sccm

H2 and 250 sccm N2, heating the system to 950'C for 1 hr, and then cooling to 300'C before

purging the system with N2. For CVD growths, the r-sapphire and a-GaN/r-sapphire substrates

were coated with 60 nm Au particles and placed 2-6 cm downstream from the TMG injector

head. For MOCVD growths, the substrates were placed 2-6 cm downstream from the TMI

injector head. For both CVD and MOCVD, the nanowires were nucleated at a temperature of

560'C. The standard growth temperature was 560'C, but growth temperatures were sometimes

increased or decreased to between 520-650'C. The pressure varied between 50-400 Torr. The

total flow of all gases was kept at 500 sccm, and N2 was used as the carrier gas. The standard

NH3 flow was 300 sccm. For CVD growths, 5 ± 1 g In (Aldrich, 99.999%) was placed on or
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near the substrates. For MOCVD growths, 100 seem N 2 was bubbled through TMI and delivered
through the TMI injector. The standard growth time was 1 hr.

pump b pump

+-N2 + -o N

TMG TG

WTTMI
G +-N2

Figure 3-3. Setup for InN and InN/InGaN nanowire growth. (a,b) Schematic illustration of
the quartzware setup, precursors, and gas injection for both InN and InN/InGaN nanowire
growths for In (a) and TMI (b) sources.

3.1.5. Growth of InN/InGaN axial heterostructures

The conditions described above for InN were used as the basis for InN/InGaN axial
heterostructures. Axial heterostructures were fabricated by introducing TMG during growth and
keeping the total flow of gases constant. The TMG was delivered bubbling 0.2-10 seem N2

through TMG along with a total of 50 seem N2 through the injector line.

3.2. Synthesis of GaAs nanowires

Gallium arsenide nanowires were synthesized by MOCVD using Au colloids to seed growth.
The fluxes of III and V precursors were varied during growth in order to modulate the nanowire
diameter. Details of the experimental setup, growth conditions, and substrate preparation are
described below.

3.2.1. Experimental setup & growth conditions

For GaAs nanowire growths, a cold-walled horizontal-flow MOCVD system (Thomas Swan
CS62820) was used (Figure 3-4). Substrates are placed on a graphite susceptor that is heated by
infrared emission from halogen lamps. This configuration allows the III and V precursors to be
delivered to the substrate with minimal side reactions occurring away from the susceptor. All
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growths were performed at 420'C and atmospheric pressure. Throughout heating, growth, and

cooling, 15 slpm H2 was delivered to the system. Once heated to 350'C, AsH 3 was introduced at

a rate of 3.4 sccm to minimize decomposition at the surface of the GaAs substrates. In some

cases, the substrates were annealed at 600'C for 10 min prior to growth and then cooled to

420 0C. At 4200C, TMG was introduced to initiate growth. Growths proceeded for 5-8 min. For

diameter modulation studies, the AsH 3 and TMG flows used during nucleation and growth varied

within and between growths. At the end of growth, the TMG flow was ceased, and the system

was allowed to cool. The H2 and AsH3 flows were generally kept on until the system cooled to

350 0C, at which point N2 was used instead.

substrate(s) susceptor

L exhaust

+-2H AsH,3
+H2

TMG

Figure 3-4. Chemical vapor deposition system for GaAs nanowire growth. Schematic

illustration of the reaction furnace, graphite susceptor, and gas injection lines used for GaAs

nanowire growths.

3.2.2. Substrate preparation

The substrates used for growth were (11 1)B GaAs and (11 1)A GaAs, which were cleaved

from 2" wafers into approximately 0.5" x I" substrates. The substrates were sonicated for 10

min each in acetone, methanol, and DI water. Aqueous solutions of gold colloids (BBI

Solutions, 5-200 nm, 3x 104 M Au) were diluted with DI water before deposition. Solutions

with Au colloid diameters of 90, 60, 30, 10, and 5 nm were diluted with solution:DI water ratios

of 1:1, 1:1, 1:5, 1:99, and 1:99. The 200 nm solution was not diluted. The substrates were

coated with 20gL of the diluted solution for 10 min. The substrates were then rinsed with DI

water, dried with compressed air, and kept in a desiccator until being used for growth.
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3.3. Electron microscopy characterization

Electron microscopy is essential for characterizing the structure, morphology, and

composition of nanowires. Because nanowires have diameters much smaller than the

wavelength of light, traditional optical microscopy techniques cannot resolve them. The spatial

resolution (iopt) of optical microscopy is given by the Rayleigh criterion,

0.612 0.612
3 , (3-1)opt NA nsin6

where A is the wavelength of light, NA is the numerical aperture, n-sinO, where n is the refractive

index and 0 is the semi-angle of collection).13 0 For optical microscopy with visible light, X is

about 400-700 nm, and NA is usually less than 1. This technique does not offer the ability to

resolve the diameter of the nanowire, let alone the nanoscopic features within the nanowire. To

achieve better resolution, it is possible to image nanowires using an electron beam. The

resolution (6e) of a transmission electron microscope is given by

9ei = 0.91(CS A',)"4  (3-2)

where C, is the coefficient of spherical aberration (which lies between 1 ptm - 1mm),"3 and ?,ei is
the wavelength of an electron:' 3 2

Ae h (3-3)

2meV e+
2rc 2

where h is the Planck constant, m is the mass of an electron, e is the charge of an electron, V is

the accelerating voltage, and c is the speed of light.132 At the operating voltages used in scanning

and transmission electron microscopy (1-300 kV), Ael is around 1-10 pm. An electron beam can

be generated by heating a filament (e.g. LaB6) and/or operating that filament a high voltage to

reduce the energy required to emit an electron. The beam can then be focused using

electromagnetic lenses, which are analogous to the glass lenses used in optical microscopy. The

resolution (6ei) of scanning and transmission electron microscopy are around 1 nm and 0.1 nm,

respectively. These techniques can therefore be used to resolve the smallest features of

nanowires.

When a high-energy electron beam strikes a material, it produces a variety of signals that

offer different information about the sample (Figure 3-5). Scanning electron microscopy (SEM)

utilizes lower voltages (1-40 kV) and detects secondary and backscattered electrons that are
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emitted from the surface of the sample. Therefore, SEM is used to detect surface morphology

with nanometer resolution. Transmission electron microscopy (TEM) utilizes higher voltages

(100's kV) to image thin samples and detects the electrons that pass through the sample.

Consequently, TEM provides a two-dimensional projection of the material with atomic

resolution. In both SEM and TEM, the electron beam can produce a variety of signals that give

characteristic information about the sample, including infrared-ultraviolet light, X-rays, and

Auger electrons. The high energy electron beam can excite electrons from the valence band to

the conduction that can then relax back to valence band and emit infrared-ultraviolet light, a

process called cathodoluminescence (CL). Detection of this light provides information about the

material's band structure, as well as the presence of defects. Additionally, an incident high-

energy electron can knock a core electron out of the nucleus of an atom. When another core

electron relaxes into the missing electron's position, that electron's excess energy (about 1-20

keV) can yield high-energy X-rays, or that energy can be imparted to an outer electron that is

then emitted with high energy, called an Auger electron. Because the energy of X-rays and

Auger electrons are characteristic of the atoms from which they are emitted, detection of these

signals using electron microscopy offers nanoscale resolution of the composition of the material.
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Figure 3-5. Signal production by high-energy electrons in electron microscopy. Schematic

illustration depicting the detectable signals produced as a result of the high-energy electrons in

electron microscopes interacting with the sample material. Secondary, backscattered, and Auger

electrons are detected in SEM; transmitted and diffracted electrons are detected in TEM;

scattered transmitted electrons are detected in STEM. Light and X-rays can be detected in any of

these microscopes.
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3.3.1. Scanning electron microscopy

As-grown nanowire arrays were analyzed using SEM to characterize their morphology -
including diameter, length, tapering, and epitaxial orientation. In SEM, the emitted electrons are
focused by a series of lens and apertures to form a probe that is around 1-10 nm wide (Figure
3-6). When this beam strikes the sample, secondary electrons are generated within a volume that
is dependent upon both the operating voltage and the material composition. The beam is rastered
over a selected area of the sample, and an electrically-biased Everhart-Thornley detector is used
to collect secondary electrons. The image that is formed is based upon the quantity of electrons
produced at a given point on the sample such that brighter regions indicate a greater emission of
secondary electrons. Contrast from secondary electron detection is primarily a function of
surface morphology, but is also dependent upon material composition. The instruments used to
characterize nanowire samples for this thesis are a JEOL 6320F SEM and a Helios Nanolab 600
SEM operated at 1-5 kV in secondary electron mode. Additionally, in collaboration with Steven
Boles at the Karlsruher Institute of Technology, a FEI Nova NanoLAB 200 dual beam focused
ion beam/scanning electron microscope equipped with a tungsten nanomanipulator probe
(Kleindiek Nanotechnik GmbH) was used test the mechanical properties of diameter-modulated
GaN nanowires.
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Figure 3-6. Scanning electron microscopy. (a) Schematic diagram of a scanning electron
microscope adapted from [132]. (b) Plan-view (top) and cross-sectional (bottom) SEM images of
m-GaN nanowire arrays. Scale bar represents 5 ptm.
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3.3.2. Transmission electron microscopy

Individual nanowires were characterized using TEM in order to provide detailed information

about their structure and morphology - including the crystallographic growth direction, density

of stacking faults, nanoscale morphological changes, and the diameter and length of segments

formed under variable growth conditions. Very thin samples (about 1 pm or less) are needed for

TEM, which relies upon the detection of high-energy electrons (100's kV) that are transmitted

through the sample (Figure 3-7). Electrons from the emitter are formed into a parallel beam by

the condenser lens. This electron beam passes through the sample, where some of the incident

electrons are scattered elastically or inelastically. The objective lens focuses these electrons, and

an objective aperture selects which regions of the beam are allowed to pass through to the

intermediate and projection lenses magnify the image.

In standard bright-field imaging mode, the intermediate lens focuses the image formed by

objective lens. In this case, the image that forms has contrast resulting from differences in the

density of detected electrons. Scattered electrons are deflected away from the direction of the

incident beam, producing "mass-thickness" contrast resulting from greater scattering from the

heavier elements and thicker regions, which appear darker. Additionally, electrons can be

scattered by diffraction resulting from the periodic arrangement of atoms in the material. This

produces "diffraction contrast" that allows perturbations in the periodicity of the lattice -

including stacking faults and dislocations - to be observed. Furthermore, selected area

diffraction (SAD) patterns can be obtained by focusing the intermediate lens on the diffraction

pattern formed in the back focal plane of the objective lens. High-resolution TEM (HR-TEM)

allows the visualization of "phase contrast." When crystalline materials are viewed along an

appropriate zone axis of the crystal at very high magnification, the periodicity of the lattice is

reflected by contrast that results from interference between the transmitted and scattered beams.

Nanowire samples were prepared on copper mesh grids with lacey carbon (Ted Pella) by one

of two methods: (1) sonicating the as-grown sample in ethanol and pipetting the nanowire-

containing solution onto a TEM grid or (2) mechanically swiping a TEM grid across the as-

grown substrate. These samples were then imaged using a JEOL 2010 or JEOL 201 OF TEM.
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Figure 3-7. Transmission electron microscopy. (a) Ray diagram of a transmission electron
microscope adapted from [132]. (b) TEM image (left), HR-TEM image (top right), and
corresponding SAD pattern (bottom right) of an InN nanowire.

3.3.3. Scanning transmission electron microscopy

Scanning transmission electron microscopy (STEM) uses the same equipment as TEM,

except the condenser lens converges the beam to a point instead of forming a parallel beam

(Figure 3-8). Similar to SEM, the beam is rastered over the sample to produce an image. In

dark-field STEM mode (DF-STEM), an annual detector is used to detect the scattered electrons.

In comparison to TEM, STEM provides better mass contrast, enabling small differences in

concentration to be visualized. Additionally, STEM can be coupled with other characterization

techniques such as energy-dispersive X-ray spectroscopy (EDS), which provides a compositional

map with nanometer resolution. In these studies, a JEOL 201 OF STEM was operated at 200 kV

with a 1 nm spot size and a 10 cm camera length.
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Figure 3-8. Scanning transmission electron microscopy. (a) Schematic diagram of a scanning

transmission electron microscope adapted from [132]. (b) STEM image of an InN nanowire with

a Au seed and GaN shell. Scale bar represents 100 nm.

3.3.4. Energy-dispersive x-ray spectroscopy

To assess the composition of individual nanowires, EDS was coupled with DF-STEM to

detect the elemental composition with nanoscale resolution (Figure 3-9). As described

previously, incident high-energy electrons can collide with core electrons in the sample, leaving

an empty state. When an electron from a higher-energy orbital relaxes to fill that state, an X-ray

can be emitted with a photon energy equal to the difference in energy between the two orbitals.

Because the energies of core orbitals are element-specific, the energy of an X-ray photon

provides a "fingerprint" of the element from which it was emitted. For these studies, a JEOL

201 OF STEM was operated at 200 kV with a 1 nm spot size and 10 cm camera length.
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Figure 3-9. Energy dispersive X-ray spectroscopy. (a) X-ray generation by electron-beam

irradiation. (b) STEM image of a Au-seeded InN nanowire with a GaN shell (left) and

corresponding EDS map overlaid on the same STEM image (right). Scale bar represents 100 nm.
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3.3.5. Electron tomography

While SEM provides information about surface morphology and TEM provides a two-

dimensional projection with crystallographic information, it can nonetheless be challenging to
fully understand the three-dimensional morphology of the nanowires. By taking multiple two-
dimensional projections of the nanowires at different tilt angles, the three-dimensional shape of
the nanowire can be reconstructed (Figure 3-10). This technique, called electron tomography,

provides a detailed understanding of both surface morphology and crystallography. In particular,
slices can be taken at different positions along the reconstructed nanowire to observe how the

cross-sectional shape evolves during growth (Figure 3-1 Oc). 61  In these studies, electron

tomography was performed using high-angle annular DF-STEM on a FEI Titan microscope

operated at 200 kV. Images were taken in 1 increments between -67' and 67'. The images

were aligned using a cross-correlation algorithm and three-dimensional reconstruction was

carried out using the Simultaneous Iterative Reconstruction Technique, as well as total variation

minimization. Electron tomography analysis was performed in collaboration with Georg

Haberfehlner at the French Alternative Energies and Atomic Energy Commission's Laboratory

for electronics and information technologies (CEA-Leti).

C

a

Figure 3-10. Electron tomography. (a,b) Schematic diagrams of GaAs nanowires with
hexagonal cross-sections (top) and corresponding STEM image (bottom) for one orientation (a)
and another after 900 rotation (b). (c) Tomographical reconstruction showing two orientations
rotated by 90' and corresponding cross-sectional slices. Scale bar represents 100 nm.
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3.4. Data analysis and modeling techniques

The following section describes data analysis and modeling techniques for EDS

measurements and nanowire diameter evolution.

3.4.1. EDS measurements of seed particles and nanowires

Compositional information was obtained via EDS in STEM as described above in section

3.3.4. Spectra were collected and analyzed using INCA software. The spectra were corrected to

account for false Cu and C signals originating from the TEM grid.

To calculate seed particle composition for InN and InN/InGaN nanowires (sections 5.2.1 and

6.1.2), the composition of both seed alloy and the neighboring oxide region were including in the

measurements. The spectra were quantified from selected regions determined from the STEM

image, Au signal map, and 0 signal map. The oxide region (determined to be In 20 3 in the case

of InN nanowires) is only present at the nanowire tip and is therefore presumed to form after

growth as a result of remaining supersaturated III source in the Au-III seed alloy reacting with

trace oxygen in the system. The presence of this oxide actually enables a better ex situ estimate

of in situ seed composition, because the 0 traps the III source and ceases further nanowire

growth. In the case of GaN nanowires with highly supersaturated seed particles (section 7.2.2),

much of the remaining supersaturated Ga is extracted during the relatively long cooling phase

(from 835'C for GaN versus 560'C for InN) to form GaN, instead of Ga2O 3. The continued

growth of GaN during cooling makes it difficult to differentiate between Ga originally present in

the seed before cooling and Ga that continued to incorporate and promote growth during cooling.

To evaluate the cross-sectional shape and faceting of GaAs nanowires (section 8.2.2),

hexagonal models and tomography results were used to model EDS linescan profiles. First,

linescans were taken across the width of a GaAs nanowire oriented along the [110] zone axis,

producing plots of the intensity of the Ga signal (1) versus position (x). First, hexagonal cross-

sections which assumed { 11 0} or { 112} facets were each used to fit the linescan profile (a). The

optimizing variables were the length of each facet (L), which was allowed to vary between

facets, as well as the starting position (xo) of the cross-section. To fit the linescan data, the

following equation was used

Ihex(x) = Yh(x)e _(X)/(2D2) (34)
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where h is the height of the cross-section at a given position (x) and Ihex is the signal intensity,

which accounts for spreading of the signals at each position (xi) along the linescan assuming a

spreading coefficient (D). The same spreading coefficient was used in all models. Next, Ihex was

normalized using the following equation

hexI~ he

I,*,,(x)= he (inx(-)

which makes the total integrated intensity of the hexagonal model (I*,x) the same as the total

integrated intensity of the linescan profile (1). The starting position and facet lengths were

optimized to maximize the coefficient of determination, R2
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Figure 3-11. Models for cross-sectional EDS linescans. (a) Hexagonal models with { 10}
(red) and { 112} (blue) facets. Both basic models (left) and optimized cross-sections (right) are

shown, indicating facet length (L), position (x), starting position (xo), and thickness (h). (b)
Tomography cross-section image (top), binary image (bottom left), and rotated image assuming

{112} facets (bottom right). (c) EDS linescan profile (gray) and corresponding models using
optimized shapes shown in (a) and (b). The inset indicates which line corresponds to which

cross-section.

Next tomography cross-sections were fit to the linescan profile. Using ImageJ software, the

cross-section images were first converted into binary images and then rotated such that the

orientation of the facets corresponded to either { 10 } or { 112} (Figure 3-11 b). A plot of the

thickness, h, was produced as a function of image position (x'), which was adjusted to be a

function linescan position (x) as follows

x = ax'+xo (3-6)
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where a and x0 are fitting parameters, and h(x) = h(x'). Because six different orientations are

possible for each facet type ({ 1 1} and { 112}), the orientation that provided the best fit with the

EDS profile was chosen. An intensity profile was produced from h(x) using Equations 3-4 and

3-5, then fit to the linescan profile by optimizing a and xo.

Optimized models for a sample linescan profile are shown in Figure 3-11 c.

3.4.2. Evolution of diameter along the nanowire axis

The axial evolution of nanowire diameter was modeled to evaluate the proposed mechanism

of diameter evolution and the morphology of the liquid/solid interface (section 7.3.4). The flow

rate of the V or III source was varied as a function of time, based on experimental results, and

the diameter was calculated step-wise at each position along the nanowire, assuming that the

force balance at the vapor/liquid/solid triple-phase boundary is upheld at all times. The step

length (AL) was kept constant, and the extraction rate (E), incorporation rate (1), seed

composition (xHIj), amount of III source in the seed particle (nin), volume (V), wetting angle (8),

inclination angle (a), surface energies (a), axial position (L), diameter (d), and growth time (t)

were all calculated for each step (Figure 3-12).

a

L

Figure 3-12. Model for nanowire diameter evolution. Schematic representation of the

variables used in the nanowire diameter evolution model: incorporation rate (1), extraction rate

(E), seed composition (xiii), number of III atoms (nHIj), seed volume (V), length (L), step length

(AL), diameter (d), wetting angle (8), inclination angle (a), and the surface energies of the

vapor/liquid (ar,), liquid/solid (au,), and vapor/solid (a,,) interfaces. The diagram represents the

case of a flat liquid/solid interface.

To simplify the model, the extraction rate, incorporation rate, and surface energy of the seed

were calculated based on empirical measurements. For a change in V flow, the extraction rate

was assumed to be linearly dependent upon the NH3 flux, while the incorporation rate and seed
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surface energies were assumed to linearly be dependent upon the seed composition. These were

calculated as follows

E=m FV +bE (3-7)

I =mix + b, (3-8)

J, =max1 +ba (3-9)

where Fv is the flow rate of the V precursor, and m and b are constants calculated from

experimental measurements. For a change in III flow, the incorporation rate was assumed to be

linearly dependent upon the Ga flux, while the extraction rate and seed surface energies were

assumed to be linearly dependent upon the seed composition. In this case, these values were

calculated as follows

E=mExHII + bE (3-10)

I= mF, + b, (3-11)

a, = mxm +ba (3-12)

where FI is the flow rate of the III precursor. Different values of m and b were calculated for

different nanowires.

In both cases, the following equations for used for the other parameters mentioned above

L, = L,_1 +AL (3-13)

ALA
At A (3-14)

E1QNW

t, = t,_1 + At,_ (3-15)

n 1 = nm-1 + (I - E )At (3-16)

XIII = n11,1  (3-17)
nHa + nAu

VJ=n1 1 1 , nm + nAuQAu (3-18)

a,= tan -1 i-d (3-19)
2( LI - Li-

di = (f($i, V113 (3-20)
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Where i is the step, Q is atomic volume, A is the cross-sectional area of the nanowire, nAu is the

amount of gold in the seed, and fi ) is an equation derived from Surface Evolver simulations

describing the ratio between nanowire diameter and seed particle volume for a given wetting

angle. The wetting angle, #, was calculated from force balance equations at the

vapor/liquid/solid triple-phase boundary, which varied based on the assumed liquid/solid

interface morphologies (flat, faceted, or rounded; see section 7.3.2). The diameter was optimized

at each position such that force balance was maintained.
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Chapter 4: Structural & morphological control of GaN nanowires

This chapter describes techniques that were developed to fabricate GaN nanowires with

controlled structure and morphology. Both c- and m-oriented nanowires were grown by

selecting substrates with appropriate epitaxial relationships. Tapering was minimized by

reducing the Ga flux and increasing the nanowire density, enabling effective consumption of Ga

precursors by the seed particles. The fundamental growth mechanism of GaN nanowires was

explored by analyzing the growth rate as a function of diameter. A generalized nucleation-

mediated growth model was developed to demonstrate that the rate-limiting step is nucleation at

the perimeter of the liquid/solid interface. Using this model, a calculated reduction in the

supersaturation was found to account for the reduction in GaN nanowire growth rate with

increasing hydrogen content in the carrier gas. Next, GaN nanowires were grown using both Au

and Ni films to elucidate the role of the seed material in nanowire growth. Given that nucleation

was found to be the rate-limiting step, the high growth rate and low defect density in Ni-seeded

nanowires was concluded to stem from a low seed/nanowire surface energy that reduces both the

nucleation barrier and the probability of stacking fault formation.

4.1. Control of GaN nanowire growth direction and tapering

As discussed in Chapter 2, two very important characteristics of nanowires are the growth

direction and tapering. The crystallographic growth direction is particularly important for III-V

nitrides due to orientation-dependent spontaneous polarization. Tapering results from film

deposition on the nanowire sidewalls and is generally undesirable for nanowire-based devices,

because the differences in mechanisms between VLS growth and sidewall deposition yield

spatial differences in nanowire properties. Here, we demonstrate control over both of these

features. Both polar- and nonpolar-oriented GaN nanowires were grown by utilizing substrates

with appropriate epitaxial relationships. When grown on c-sapphire and r-sapphire substrates,

GaN nanowires grew in the c- and m-directions, respectively. Significant sidewall deposition led

to tapered nanowire morphologies for high Ga fluxes and large inter-nanowire spacings, in both

cases due to ineffective consumption of Ga precursors by the seed particles. For high Ga fluxes,

the formation of Ga droplets slows diffusion and prevents Ga from reaching the seed before

reacting with N species, yielding GaN film growth. For large inter-nanowire spacings, not



enough nanowires are present to consume all the Ga impinging on the substrate via particle-

mediated axial growth, so excess Ga contributed to GaN film formation. By using a higher

nanowire density and lower Ga flux, tapering was effectively minimized.

4.1.1. Control of crystallographic growth direction

As described in section 2.3.1, III-V nitrides have built-in polarization in the [0001] c-

direction due to the arrangement of atoms within the unit cell. For LEDs, c-oriented

heterojunctions induce the quantum-confined Stark effect,36 in which a spatial separation of

electrons and holes slows radiative recombination, reducing device efficiency. By orienting

heterojunctions along nonpolar orientations, this effect can be minimized. In nanowires, this can

be achieved by fabricating radial heterojunctions around c-oriented nanowires or axial

heterojunctions along nonpolar-oriented nanowires, including the [1-100] m-direction and the

[11-20] a-direction, although other potential nonpolar orientations do exist.' 33

Here, we seek to fabricate GaN nanowires in both polar and nonpolar growth directions.

Previous reports have demonstrated particle-mediated GaN nanowires grown in the c-, m-, and a-

directions. 63,64 Notably, Kuykendall et al. synthesized both c-GaN and a-GaN with Au seed

particles using (111) MgO and (100) y-LiAlO 2 substrates, respectively. 64 These substrates had

been selected based on their lattice match with GaN. In this case, c-GaN matches well with

(111) MgO, while m-GaN matches well with (100) y-LiAlO 2. By comparison, sapphire

substrates are cheaper and more widely available for GaN growth. We chose to use c-sapphire,

which is known to produce c-oriented GaN films,35 as well as r-sapphire, which produces a-

oriented GaN films. 3 4

The c-sapphire and r-sapphire substrates were coated with 1 nm Au films using electron

beam evaporation and then loaded into the growth chamber. GaN nanowires were grown at

900'C and atmospheric pressure using CVD with metallic Ga as the III-source, as described in

section 3.1.3. The morphology and structure of the GaN nanowires were analyzed using SEM

and TEM (Figure 4-1). As expected, c-sapphire produced polar-oriented nanowires (Figure

4-la-e), while r-sapphire produced nonpolar-oriented nanowires (Figure 4-lf-j). Plan-view and

cross-sectional SEM images show that the c-sapphire substrates produce vertical nanowires.

Based on the epitaxial relationship between GaN and c-sapphire, vertical nanowires indicate c-

directional growth (Figure 4-1d,e), which was confirmed by selected area diffraction (Figure
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4-1c). In addition, some nanowires are observed to grow laterally along the substrate. Given
that the vertical nanowires are c-oriented, the lateral nanowires should be nonpolar, and the six-
fold symmetry of the lateral nanowires is consistent with nonpolar growth of either a- or m-
oriented nanowires.
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Figure 4-1. Controlling the growth direction of GaN nanowires. (a-j) SEM and TEM
characterization of c-GaN nanowires grown on c-sapphire (a-e) and m-GaN nanowires grown r-
sapphire (f-j). The morphology of individual nanowires is revealed by TEM images (a,f), while
HR-TEM images (b,g) and corresponding SAD pattern/fast Fourier transform (c,h) show the
stacking faults (SF) and their orientation, respectively. Top-down (d,i) and plan-view (ej) SEM
images show that c-GaN nanowires grow vertically from c-sapphire, while m-GaN nanowires
grow at 600 angles from r-sapphire. Insets illustrate the crystallographic orientation of the
nanowires.

The nanowires on r-sapphire grew inclined from the substrate at 600 angles (Figure 4-lij).

Because of the epitaxial relationship between r-sapphire and GaN, vertical nanowires would

correspond to a-GaN. Selected area diffraction indicates that the inclined nanowires are m-

oriented (Figure 4-lh), which is consistent with the fact these nanowires which grow 30' from

the normal, as the a- and m-directions are separated by 30' angles.
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High-resolution TEM images of both c-GaN and m-GaN nanowires oriented along the [11-

20] zone axis show planar defects along the c-plane (Figure 4-lb,g). These basal-plane stacking

faults (BSFs) have commonly been observed in GaN films 35 and nanowires, 136 because the

formation energy is only around 10 meV/unit cell.131,13' For c-GaN, the BSFs are orthogonal to

the growth direction and occur randomly throughout the length of the nanowire during growth

(Figure 4-1b). For m-GaN, the BSFs start at the base of the nanowire and continue to propagate

along the length of the nanowire during growth (Figure 4-1 g).

The ability to grow both c-GaN and m-GaN nanowires provides the ability to produce

nonpolar-oriented heterojunctions in radial and axial heterostructures, respectively. However,

the defects in these structures may inhibit device performance. The origin of these defects, and

strategies for mitigating them, will be explored in more detail in section 4.3.

4.1.2. Tapering minimization

In addition to CVD-grown GaN, nanowires were also grown by MOCVD (section 3.1.3)

using TMG instead of Ga as the III source. To grow m-GaN nanowires, r-sapphire substrates

were used for the growth and were coated with 1 nm Au films. The GaN nanowires were grown

at 835'C and 100 Torr. Initially, a significant amount of tapering was observed, which results

from film deposition on the nanowire sidewalls (Figure 4-2a). Tapering is undesirable for a

variety of reasons. First, it leads to a wider diameter at the nanowire base, which may offset

some of the benefits of nanowires, for example inhibiting the efficient strain relaxation that

allows dislocation-free growth. Furthermore, because film growth occurs by a different

mechanism than nanowire growth, tapering leads to differences in composition42 and doping43

between the VLS-grown core and the film shell. In other materials systems, tapering has most

commonly been minimized by reducing the growth temperature."2, 3 By this method, film

deposition is minimized due to the fact that nanowires can grow at relatively high rates compared

to films at low temperature. However, GaN nanowires have been observed to have higher

resistivity and weaker luminescence as the growth temperature decreases, so a method of

minimizing tapering at high temperature would be preferable.139 140

Film deposition on nanowire sidewalls could be considered a result of excess Ga that is not

effectively consumed by the seed during nanowire growth. To test this, the Ga flux was reduced

from 2.1 to 0.4 scem TMG. The resulting nanowires grew with minimal tapering (Figure 4-2b),
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indicating that film growth was a consequence of excess Ga. Furthermore, when 60 nm Au
colloids were used instead of 1 nm Au films, the resulting nanowires were highly tapered (Figure
4-2c). With fewer nanowires around to capture the available Ga, excess Ga resulted in film
deposition. This explanation is consistent with the results of Borgstrom et al., who found that
the growth rate of GaP nanowires was dependent upon the inter-nanowire spacing due to
competition for available Ga precursors.141 In fact, our GaN nanowires grew faster using sparse
colloids than using dense particles via Au films. Conversely, the dense nanowire arrays grown at
high Ga fluxes have lower axial growth rates than those grown at lower Ga fluxes. For high Ga
fluxes, the thick shells consume most of the Ga before it reaches the seed. Excess amounts of Ga

can produce Ga droplets on the substrate, which have much lower diffusivities than Ga

adatoms,142 , 43 and therefore are less likely to reach the seed particle before being consumed by
film growth.

d e

Figure 4-2. Tapering control in GaN nanowires. (a-c) SEM images of m-GaN nanowires
grown using a 1 nm Au film and 2.1 sccm TMG (a), 1 nm Au film and 0.4 sccm TMG (b), and
60 nm Au colloids and 0.4 sccm TMG (c). (d-f) Schematic illustrations demonstrating
simultaneous nanowire ("NW") and sidewall ("film") growth under the conditions in (a-c),
respectively. Shaded regions illustrate the collection zone in which Ga precursors (black circles)
contribute to nanowire growth. Ga precursors landing outside of the collection zone contribute
to film growth. The size of the collection zone is defined by the diffusion length (A) of the Ga
precursor. All scale bars represent 500 nm.

Film deposition at both high Ga flux and large inter-nanowire spacing can be explained as

follows. For temperatures at which film growth can occur readily, excess Ga not collected by the
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seed for nanowire growth contributes to film growth (Figure 4-2d-f). When nanowires are close

enough that they compete for Ga, film deposition is avoided (Figure 4-2e). This occurs when the

collection zones overlap, where the collection zone is defined by the diffusion length of the

precursor. In the case of colloids, the inter-nanowire distance was increased, reducing overlap of

collection zones (Figure 4-2f). The reduced competition between nanowires for available Ga led

to an increased growth rate, but excess Ga not collected by the nanowires led to tapering.

Notably, similar results have since been reported by Xu et al. when growing GaAs nanowires at

different nanowire spacings. 1 5 In the case of high Ga fluxes, the reduced diffusivity of Ga

resulted in less Ga reaching the nanowires before being consumed in film growth, which resulted

in less Ga available for each nanowire and consequently reduced the growth rate (Figure 4-2d).

In addition to minimizing tapering in these GaN nanowires, these results provide a general

method for achieving non-tapered nanowires at higher growth temperatures, specifically by

reducing both the Ga precursor flux and inter-nanowire spacing. This finding is significant,

because resulting nanowire properties can be dependent upon the growth temperature. For GaN

nanowires, optical and electronic properties can degrade as the growth temperature

decreases.13 9,140,144 For example, much lower lasing thresholds were obtained for GaN nanowires

growth at 950'C versus 775 C. 27 In other nanowire systems, higher growth temperatures may

enable superior epitaxy 45 and crystal phase purity. 92 ,14 6

4.2. Nucleation-mediated growth model

By investigating the nanowire growth rate as a function of diameter, fundamental

information about the rate-limiting processes can be extracted.74-79  Common rate-limiting

processes during nanowire growth include adatom diffusion and the reaction at the liquid/solid

interface. Other potential rate-limiting processes are described in section 2.2.1. When the

growth rate decreases as the diameter increases, the rate-limiting step is generally adatom

diffusion.74'79 On the other hand, when the growth rate increases with diameter, the rate-limiting

step is usually the reaction at the liquid/solid interface. 75-77 By fitting the experimental data with

theoretical models that describe the growth rate as a function of diameter, it is possible to extract

further information about growth conditions, including the supersaturation 38,76,147,148 and the

diffusion length of precursors.76,14 9-15 1
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We investigated the growth rate of GaN nanowires as a function of both diameter and carrier
gas composition. The nanowires were grown for 20 min at 900'C and atmospheric pressure
using CVD, as described in section 3.1.3. In separate growths, the fraction of H2 in the carrier
gas was varied from 0 to 0.6, with the remainder being N2 . Using Au films, the nanowires grow
with a range of diameters. For each growth, both 1 and 3 nm thick Au films were used to
achieved a broader range of nanowire diameters. The films were deposited on 2 um thick a-GaN
films on r-sapphire. The a-GaN templates have a couple benefits in comparison to r-sapphire
substrates. First, the a-GaN films are more conductive than r-sapphire, which is more ideal for
carrying current in device applications. Second, the epitaxy of the nanowires with the substrate
is superior, which provides a more reliable measurement of nanowire growth rate between
different nanowires.

4.2.1. Diameter-dependent growth rate

The GaN nanowires grown with different film thicknesses and carrier gas compositions are
shown in Figure 4-3. For all conditions, the nanowires grow at 600 angles relative to the
substrate. This orientation is consistent with those with those depicted in Figure 4-1 f-j, where
SAD confirmed m-directional growth. As expected, the nanowires grown with 3 nm Au films
have larger average diameters and lower areal densities than those grown with 1 nm Au films
(Figure 4-3i). Additionally, increased H2 fractions also increase the average diameter and

100- nm Au 200
80- 1 nmAu----- 160

C - 120 E

40- 80
E C

V2 0 - - -- - - 40

0 1
0.0 0.2 0.4 0.6

H2 fraction

Figure 4-3. GaN nanowires grown using different carrier gas composition. (a-h) GaN
nanowires grown using carrier gas H2 fractions of 0 (a,b), 0.2 (c,d), 0.4 (e,f), and 0.6 (g,h) with 1
nm (a,c,e,g) and 3 nm (b,d,fh) Au films. (i) Diameter (d; blue) and areal density (p; red) as a
function of H2 fraction. Images adapted from [38]. Scale bars represent 200 nm.
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reduce the areal density. This effect can be attributed to increased Au particle agglomeration as

the H2 fraction in the carrier gas increases, which is consistent with previous observations of Au

particle agglomeration onSi02.

The growth rate of the GaN nanowires as a function of diameter and hydrogen fraction is

plotted in Figure 4-4a,b. The increase in growth rate with increasing diameter is indicative of

reaction-limited growth (see section 2.2.1). This diameter dependence is commonly attributed to

the Gibbs-Thomson effect, which is described in Equation 2-2. In order to fit the data, the

equation can be re-written as follows,

VGT = F (4-1)

Where v is the growth rate and d is the diameter. F, and F2 are fitting parameters defined by

F,= K Apu1  (4-2)
kBT

and

F2 = K 1 s (4-3)
kBT

for growth limited by the reaction at the liquid/solid (is) interface, where K is a kinetic

coefficient, Aprs is the change in chemical potential for the bulk material (i.e. nanowire diameter

-+ 00), k is the Boltzmann constant, T is the growth temperature, Q is the atomic volume of the
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Figure 4-4. Diameter-dependent growth rate of GaN nanowires. (a) Growth rate (v) vs.

nanowire diameter for different H2 fractions in the carrier gas. (b) Growth rate vs. H2 fraction for

different nanowire diameters. (c) Fitting of the data from nanowires grown with N2 carrier gas

using the Gibbs-Thomson ("GT") and nucleation-mediated ("NM") growth models. Figure

shows data plotted as 1/v vs. diameter. Inset shows the same data plotted as v vs. diameter.

Figures adapted from [38].
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source material in the crystal, y is the surface energy at the liquid/solid interface. 81 Figure 4-4c
shows the fitting of this model for the nanowires grown using N2 carrier gas. This model
provides only a reasonable fit to the data (R = 0.845) and is particularly inaccurate for the
thinnest nanowires. Therefore, the Gibbs-Thomson effect may not account for the observed
diameter-dependence of the growth rate.

As described in section 2.2.1, the Gibbs-Thomson model above is based upon an assumption
of continuous on growth on a rough interface, but in situ nanowire growth studies demonstrate
that the liquid/solid interface is smooth, and layer-by-layer growth proceeds by nucleation and
subsequent ledge growth for each monolayer (Figure 4-5). 153 With each new layer, either one or
multiple nuclei can form before the monolayer is filled via ledge growth. These two cases
represent mononuclear and polynuclear growth, respectively. Because ledge filling proceeds
rapidly relative to nucleation,15 3 mononuclear growth becomes more dominant as the nanowire
diameter decreases due to the reduction in available nucleation sites. 82 Dubrovskii and Sibirev
have developed a detailed model that includes contributions from the Gibbs-Thomson effect,
adatom diffusion, and nucleation-mediated growth. 5 4 However, this complex model relies on
multiple physical values that are unknown for nanowire systems and serve as fitting parameters.
Alternatively, Kashchiev has demonstrated that a relatively simple model for growth of crystals
of finite size can be applied to fit the diameter-dependent growth rate of GaAs nanowires.148

This model is described in Equation 2-4, where the d2 term originates from the assumption that
nucleation is equally probable across the area of the crystal, which is proportional to d2.

a b

Figure 4-5. Nucleation-mediated nanowire growth. (a) Nuclei at the perimeter (n = 1) and
interior (n = 2) illustrating situations where nucleation probability is proportional the
circumference and area of the liquid/solid interface, respectively. (b) Subsequent and rapid ledge
filling yields a new monolayer after a stable nucleus has formed.
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For nanowires, growth may occur preferentially around the perimeter of the liquid/solid

interface.60 In this case, the probability of mononuclear growth would increase as the

circumference of the liquid/solid interface increases, which is proportional to d. Hence we

generalized Kashchiev's model as follows

V NM na3d (44)
1+ a4d

where a3 and a4 represent the rates of polynuclear and mononuclear growth, respectively, while n

is a geometrical factor that depends on whether nucleation probability is proportional to area (n =

2) or circumference (n = 1), as depicted in Figure 4-5. The rates of mononuclear and polynuclear

growth can be expressed as functions of the supersaturation, Ap,

a 3 = Ae "1'kBT e-BlAp (4-5)

a4 = C(1 - e--Au/kBT )-2/3 e-2 B3 Ap (4-6)

where A, B, and C are independent of Ap.82

To determine the geometrical factor, n, Equation 4-4 can be rewritten as

1 1 a4
= I + a(4-7)

VNM a3d' a 3

Where a3, a4, and n are used as fitting parameters and assumed to be independent of diameter.

For the nanowires grown in N 2 (Figure 4-4c), the fit was optimized for n = 0.96 and very closely

matches the experimental data (R2 = 0.953). A similar power dependence (n ~ 1) was calculated

for the nanowires grown under different carrier gas compositions. Furthermore, under the

assumption that n = 2 and leaving a3 and a4 as fitting parameters, the nucleation-mediated growth

model provided a substantially less accurate fit (R2 = 0.847). This result indicates that the

diameter-dependent growth rate originates from nucleation-mediated growth and that nucleation

occurs preferentially around the perimeter of the liquid/solid interface. To our knowledge, this is

the first direct experimental evidence of preferential nucleation at the perimeter of the

liquid/solid interface.

It should be noted that the perimeter corresponds to the edge of the upper liquid/solid

interface, which may or may not be the same as the vapor/liquid/solid triple-phase boundary

(TPB). Even before our experimental results discussed above, it has been suggested in literature

that nucleation occurs preferentially at the TPB, and this assumption has been used to explain
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structural and morphological changes in other nanowire materials systems.5 ,92-94  This

explanation largely hinges upon the assumption that the interface is flat with sharp edges (Figure

4-6a,b),'9-91 in which case the edge of the upper liquid/solid interface and the TPB are equivalent.

However, recent studies suggest that the edges may be faceted (Figure 4-6c) or rounded (Figure

4-6d) at some length scale, which could result in nucleation occurring away from the TPB.

While it is possible that contact between the upper liquid/solid surface and the TPB may occur

temporarily,96 it is also likely that no contact is made (see section 2.2.2).7 In the absence of such

contact, it is still possible that the perimeter of the upper surface could serve as a preferential site

for nucleation (Figure 4-6c,d) either be due to inhibited movement of atoms in the nucleus at the

perimeter or due to higher supersaturation near rough edge facets. 95  Thus, for our GaN

nanowires, nucleation could occur preferentially around the perimeter of the liquid/solid

interface (n = 1) regardless of its morphology.

seed nanowire, f enveloped by seed nucleus, enveloped by seed

Figure 4-6. Liquid/solid interface morphology. (a) Illustration a seed particle on the tip of a
nanowire. (b-d) Magnified views of the red box in (a) for flat (b), faceted (c), and rounded (d)
liquid/solid interface morphologies. Red nuclei correspond to preferential perimeter nucleation
(n = 1).

4.2.2. Effect of hydrogen

As described above, the growth rate of the GaN nanowires decreases as the fraction of H2 in

the carrier gas increases. Using Equations 4-4-4-6, it is possible to extract the supersaturation

Ay as a function of the composition of the carrier gas. The data in Figure 4-7 were fit using these

equations assuming that n = 1 and the kinetic constants A, B, and C are not affected by H2. As

shown in Figure 4-7e, the calculated supersaturation decreases as the H2 composition in the

carrier gas increases. The lower supersaturation is consistent with the observed reduction in

growth rate and can be understood by considering the net chemical reaction that takes place. At
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temperatures between 830'C and 1030'C, GaH2 is more stable than Ga in the presence of H2.155

Here, H2 is supplied by the carrier gas and/or decomposition of NH3. Thus at 900'C, a mixture

of Ga and GaH2 reacts with NH3 to form GaN and H2:

3+x
GaH,+NH 3 -GaN+ H 2 ,(x=0,2)

2 (4-8)

Once the amount of H2 in the system exceeds that necessary to saturate the amount of GaH2, the

excess H2 promotes the reverse reaction. Thus the supersaturation and growth rate decrease as

the H2 composition in the carrier gas increases. A similar reduction in growth rate with H2 has

also been observed in GaN film growth.156

These results are significant for multiple reasons. The ability to extract the supersaturation

makes this model useful in probing fundamental phenomena of nanowire growth. Furthermore,

by tuning the composition of the carrier gas, it is possible to control the growth rate of GaN

nanowires, which can be particularly important for controlling the length of thin segments in

nanowire heterostructures. Additionally, control over supersaturation may help in minimizing

structural defects,87' 8 8 as will be discussed in more detail below.

a 0.6-

.& 20

E0.4

0 40 so
Diameter (nm)

0 40 80 120
Diameter (nm)

C 0.6-

20

0.40

0.2 00 40 80
Diameter (nm)

0 40 80 120
Diameter (nm)

b 0.6

20
E 0.4- _9

0.2- 0

Diameter (nm)

0 40 80 120
Diameter (nm)

d 0.6

.20

E0.4 E

0.2 0 40 80
Diameter (nm)

0 40 80 120
Diameter (nm)

e

I-

1.2-

0.0 0.2 0.4 0.6
H2 fraction

Figure 4-7. Hydrogen-driven reduction in supersaturation. (a-d) Diameter-dependence of the
growth rate (v) of nanowires grown using carrier gas H2 fractions of 0 (a), 0.2 (b), 0.4 (c), and
0.6 (d). Figures show the data plotted as 1/v vs. diameter. Insets show the same data plotted as v
vs. diameter. The data were fit using Equations 4-4-4-6, assuming n = 1 using the same kinetic
constants: A = 5.249 min', B = 4.075 eV, and C = 0.0645 nm 1 . Figures from [38].
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4.3. Defect minimization through seed material selection

The composition of the seed material can have a significant effect on nanowire growth,

including the nanowire orientation and growth rate,63 as well as optical properties.72"0 4 GaN

nanowires have been synthesized using multiple different seed particles, including Au, Ni, and
63,64Fe. Here, we directly compare nanowires grown by Au and Ni seed particles under

otherwise identical growth conditions. Nanowires seeded by Ni are found to grow faster and

with fewer structural defects than Au-seeded nanowires due to differences in the composition

and surface energies of the seed particle. These results highlight the importance of seed material

in nanowire growth and demonstrate that appropriate seed particle selection can yield nanowires

with superior properties.

4.3.1. Morphology

Films of Au and Ni were deposited onto r-sapphire substrates with thicknesses of 1 nm and 5

nm by electron beam evaporation. The GaN nanowires were grown by MOCVD at 850'C and

100 Torr for 25 min using TMG as the III source, as described in section 3.1.3. As shown in

Figure 4-8, the Au-seeded nanowires grew epitaxially from the substrate in the same orientation

as m-directional nanowires observed previously, and the diameter increased as the film thickness

increased. By comparison, the Ni-seeded nanowires showed no clear epitaxial relationship, and

the diameter of the nanowires did not vary significantly as the film thickness increased.

Furthermore, the Ni-seeded nanowires were much thinner (20-40 nm) and grew significantly

faster (12 pm/hr) than the Au-seeded nanowires (40-100 nm; 3 pm/hr), consistent with previous

reports. 157

While Au-seeded GaN nanowires are generally believed to grow from a liquid Au-Ga

alloy,136 Ni-seeded GaN nanowires may grow from a solid Ni-Ga alloy.158 To form a liquid alloy

at 850'C, the composition of the Au-Ga seed must exceed just 12% Ga,15 9 while the composition

of the AuNi seed must exceed 76% Ga.' 60 Ex situ EDS measurement of the seed particles after

growth indicate that the seed particles contain 13 ± 6% Ga and 45 ± 21% Ga for the Au and Ni

seed particles, respectively. However, these ex situ measurements do not necessarily reflect the

actual composition during growth. In fact, a high degree of necking was observed that the tip of

both Au-seeded GaN nanowires, indicating that a significant amount of Ga was extracted during
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cooling to form GaN.84 Given the similarity between the measured composition and the Au-Ga

liquidus, it is likely that this extraction ceased upon seed particle solidification. Thus the actual

Ga composition was likely higher than the measured composition. Because the Ni-Ga alloy

forms many intermetallic compounds at 850'C, it is unlikely that a significant amount of Ga was

extracted during cooling. Measurements of seed particle composition in other III-V nanowires

grown by solid seed particles indicate that intermetallic compounds tend to remain relatively

stable during cooling Therefore, based on the measured seed composition, the Ni-Ga alloy was

likely solid during growth. Because Ni-Ga alloys form many intermetallic compounds at 850'C,
extraction of Ga during cooling may be minimized due to the formation of stable alloys.67

Nonetheless, some necking was also observed for Ni-seeded nanowires, so the possibility of

VLS growth from a liquid Ni-Ga alloy cannot be ruled out.

Q~~ 5 mA nru Au

Figure 4-8. Morphology of Au-seeded and Ni-seeded nanowires. (a,b) GaN nanowires grown
using Au films with 1 nm (a) and 5 nm (b) thicknesses. (c,d) GaN nanowires grown using Ni
films with 1 nm (a) and 5 nm (b) thicknesses. Figures from [104].

The observation that GaN nanowires may grow faster from solid (Ni) seed particles than

liquid (Au) seed particles is quite curious. Kodambaka et al. performed in situ TEM

observations of the growth of Ge nanowires seeded by Au particles and varied temperature both

above and below the eutectic to form liquid and solid seeds, respectively.' In this case, they

observed that the nanowires grew faster when the seed was liquid. However, this may have been

in part due to the higher temperature of the liquid particle compared to the solid particle.

Furthermore, analysis of the growth rate of Si nanowires seeded by solid particles indicated that

74



precursor decomposition or Si crystallization was the rate-limiting step, rather than diffusion

through the seed. 162 As demonstrated above, the rate-limiting step for GaN nanowires grown by

Au seed particles is nucleation at the seed/solid interface, so GaN nanowires seeded by Ni seed

particles could grow faster as long as another step (e.g. diffusion through the seed) does not

impede faster nucleation. A rough estimate of the required concentration gradient (AC) for Ga

diffusion through solid Ni-Ga can be obtained from the following'6 3

AC = pvr (49)
D

where p is the density of Ga (5.1xl10 cm-3), v is the nanowire growth rate (12 pm h-1), and r is

the seed radius (15 nm), and D is the diffusivity of Ga in Ni-Ga (1.5x10-1 cm2 s-1 at 850C). 64

From this, AC ~ 2x10 20 cm-3, which would require a relative concentration gradient of less than

1% within a Nio.5GaO.5 particle. Thus, it is feasible that solid Ni-Ga could promote faster

nanowire growth than liquid Au-Ga.

Nucleation could occur at a faster rate for Ni versus Au for a couple of reasons: (1) a higher

supersaturation driving GaN growth and/or (2) a lower energy barrier for nucleation. While the

ex situ measurements indicate that the composition of Ga may be higher for Ni versus Au seed

particles, the supersaturation is not purely a function of the Ga composition in the seed and is

dependent upon the state of both Ga and N before and after the formation of GaN. If the Ni

seeds provide a lower barrier for nucleation, this would be the result of lower surface energies

surrounding the nucleus that forms for each new monolayer, specifically a lower seed/nanowire

surface energy. The effect of both supersaturation (Ap) and seed/nanowire interface energy (a-,)

can be understood from Equation 2-5, which expresses the change in free energy as a result of

forming a nucleus (AGnue) and is modified below assuming a circular nucleus with radius r and

height h.

Rr 2 h
AGUL = Au+ 2rha,, (4-10)

QNW

Here, 9 NW is the atomic volume of the nanowire. Based on this equation, the critical radius and

free energy are as follows.

rr Q NW ls (4-11)
AP
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2

AGncc = -hQ d 'S (4-12)
Ap

Thus rcrit and AGnuc,cri decrease with greater supersaturation (Au more negative) and lower 01s.

Thus either could explain the observed increase in growth rate for Ni-seeded versus Au-seeded
GaN nanowires.

4.3.2. Structure

The structure of the GaN nanowires synthesized using both Au and Ni seed particles was
characterized using TEM, as shown in Figure 4-9. Both Au- and Ni-seeded nanowires grew
preferentially in the [1-100] m-direction, as confirmed by selected area diffraction (SAD).
Notably, the Au-seeded nanowires were observed to contain a significant quantity of basal-plane
stacking faults (BSFs), which are located within [0001] planes and extend along the length of the
nanowire (Figure 4-9c). However, these defects were rarely observed in Ni-seeded nanowires
(Figure 4-9f).

BSS

0>

Figure 4-9. Structure of Au-seeded and Ni-seeded nanowires. (a-f) TEM analysis of Au-
seeded (a-c) and Ni-seeded (d-f) GaN nanowires including TEM images (a,d), corresponding
SAD patterns (b,e), and lattice-resolved HR-TEM images (c,f) indicating the presence or absence
of stacking faults. Figures from [104].

To clarify the origin and distribution of these stacking faults, cross-sectional TEM was
performed and revealed that the stacking faults in Au-seeded nanowires are primarily isolated in
the thicker portion of the nanowire cross-section (Figure 4-10a). Furthermore, TEM analysis of
multiple nanowires demonstrates that the position of the first BSF is proportional to the size of
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the cross-section (Figure 4-1 Ob,c). In other words, for nanowires with larger diameters, the first

BSF appears further from the corner of the nanowire. Stacking faults in GaN films have been

attributed to strain relaxation or surface steps on the substrate.' 3 5 Given that the Au-seeded

nanowires are thicker, one might suspect that strain is responsible for these stacking faults.

However, BSFs are observed even in Au-seeded nanowires with the thinnest diameters, which

are less than the average diameter of the Ni-seeded nanowires. Furthermore, strain-induced

BSFs would be expected to occur with a frequency that increases with the absolute nanowire

diameter, but instead occur at a position relative to the overall diameter of the nanowire. These

BSFs cannot be attributed to surface steps either, because the BSFs would be expected occur

randomly across the nanowire cross-section.
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Figure 4-10. Distribution of stacking faults in Au-seeded nanowires. (a) Cross-sectional TEM
image of a Au-seeded GaN nanowire. Dashed area indicates region containing stacking faults.
(b) Au-seeded GaN nanowire indicating the measurement of diameter (yellow dashed line) and
position of the first stacking fault (white dashed line). (c) Position of the first stacking fault as a
function of diameter for multiple nanowires with different diameters. Figures from [104].

The energy of forming a one-atom stacking fault (AGSF) along a ledge during the first

monolayer of a nanowire can be expressed as follows

AGSF = Ap+S 2 (aSF -) (4-13)

where usF is the energy of the stacking fault, and s is the sidewall width of cubic atom (Figure

4-11). Thus greater supersaturation (more negative Ap) makes stacking fault formation more

energetically favorable, while reduced uls makes stacking fault formation less energetically

favorable. In fact, multiple authors have demonstrated that an increase in supersaturation

produces a higher density of stacking defects in nanowires. It is worth noting that Johannson
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et al. observed in the growth of GaP nanowires that, under certain conditions, a high

supersaturation favored the hexagonal wurtzite structure over the cubic zincblende structure, the

latter being the stable phase for bulk GaP. While experimental observations by Johansson et al.

with GaP nanowires and suggest that the hexagonal phase may be more preferred in nanowires

grown at higher supersaturation, 8 a theoretical model developed by Dubrovskii et al.

demonstrates that this applies only to materials in which the stable bulk phase is cubic,165

whereas the stable bulk phase for GaN is the hexagonal wurtzite structure. Thus a higher

saturation would be expected to induce a higher density of stacking faults in GaN nanowires.

Figure 4-11. Surface energy of stacking fault formation. Schematic representation of an

adatom before and after attaching to a ledge and creating a stacking fault. One facet with energy

al, is replaced by a faceted with energy aSF. Green and red represent the substrate and nanowire

material, respectively.

Thus a lower seed/nanowire surface energy (ou,) for Ni-Ga/GaN versus Au-Ga/GaN would

explain both the increase in growth rate and the decrease in stacking fault density for Ni-seeded

nanowires. The lack of a clear epitaxial relationship between the Ni-seeded nanowires and the r-

sapphire substrate indicates that an incoherent interface may be present between the nanowires

and the substrate, although it is possible that significant bending for long and thin nanowires

obscures potential epitaxy. For non-epitaxial nanowire growth, the energy penalty for forming

an incoherent interface is not significant enough to prevent nanowire formation. A significant

reduction in surface energy going from a Ni-Ga/sapphire to Ni-Ga/GaN interface could offset the

increase in surface energy from the creation of an incoherent GaN/sapphire interface. In fact, Ni

is commonly used in ohmic contacts for GaN and is suspected to stabilize the GaN surface,166

indicating a low surface energy at the Ni/GaN interface.

Based on the analysis above, the distribution of defects in Au-seeded nanowires can be

understood as follows. Because of the greater seed/nanowire interfacial energy, BSFs form at

the initial stage of nanowire nucleation. Then, Ga is depleted from the seed particle as ledge
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growth proceeds, reducing the local supersaturation and therefore the density of BSFs in the

thinner regions of the nanowire cross-section.

We therefore conclude that differences in seed/nanowire surface energy are primarily

responsible for the observed morphological and structural differences between Au-seeded and

Ni-seeded GaN nanowires. The lower seed/nanowire surface energy in Ni-seeded nanowires

allows energetically favorable growth of non-epitaxial nanowires despite suitable epitaxial

orientations, promotes higher growth rates by lowering the energy of nuclei on the seed/nanowire

surface, and produces nanowires with fewer structural defects by increasing the relative energy

penalty of stacking fault formation. The results of this work highlight the importance of seed

particle selection in nanowire growth and demonstrate that seed particle alloys with low

seed/nanowire interfacial energies can promote rapid nanowire growth with minimal structural

defects.

4.4. Summary

GaN nanowires were grown with control over important structural and morphological

characteristics including the crystallographic growth direction, tapering, length, and defect

density. By selecting appropriately lattice-matched substrates, nanowires were grown in both

polar and nonpolar growth directions on sapphire substrates (c-GaN on c-sapphire and m-GaN on

r-sapphire, respectively). This enables the fabrication of both radial and axial heterostructures

with nonpolar-oriented junctions by using c-GaN and m-GaN nanowires, respectively. The

significant tapering observed at high Ga fluxes and large inter-nanowire spacings was both

attributed to incomplete Ga collection of impinging Ga precursors on the substrate. Tapering

was minimized by operating at low Ga fluxes and high nanowire densities. This strategy can be

used in other materials systems as well to enable the growth of non-tapered nanowires at higher

temperatures.

The growth mechanism of GaN was determined by evaluating the growth rate as a function

of nanowire diameter. A generalized nucleation-mediated growth model was developed and

compared with the Gibbs-Thomson model. In addition to providing a substantially better fit to

the observed data, this nucleation-mediated model indicated that nucleation occurs preferentially

around the perimeter of the liquid/solid interface. Using this same model, the reduction in
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supersaturation as a result of increased H2 content in the carrier gas was calculated and explained

the consequent reduction in nanowire growth rate.

We then investigated the role of the seed particle during nanowire growth by directly

comparing Au-seeded and Ni-seeded nanowires. Nanowires grown using Ni were found to grow

faster and with fewer defects than those grown using Au. Given that the growth rate was found

to be limited by nucleation, we conclude that a low surface energy between the Ni-Ga alloy and

the GaN nanowire enables rapid nucleation at low supersaturation, which both enhances the

growth rate and minimizes the probability of stacking fault formation. This study highlights the

importance of seed particle selection in nanowire growth and provides guidelines for choosing

seed materials that will produce nanowires with high structural quality.
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Chapter 5: InN/InGaN axial heterostructure nanowires

Building upon the techniques that were developed in the previous chapter to control

nanowire structure and morphology, this chapter explores strategies for controlling the

composition of III-V nitride nanowires. Many Ill-V nitride-based devices rely upon spatial

variations in composition. However, compositional control is quite challenging in InxGasN

due to the large miscibility gap, which ranges between about 0.1 < x < 0.9 at relevant growth

temperatures.1 9 Consequently, there have been limited reports of InGaN synthesized well within

the miscibility gap, 121,167,168 yet there is much benefit to be gained from using nanowires for

nitride-based devices, 27,169,170 particularly those grown in nonpolar directions.3 7 Therefore, we

investigate the formation of m-directional InN/InGaN heterostructures by particle-mediated

growth.

Here, we study the incorporation of Ga into InN nanowires to produce InN/InGaN axial

heterostructures by introducing TMG during InN nanowire growth. The effects of different

growth parameters are investigated and optimized including flow rate, pressure, and temperature

with the best results achieved using high-flux TMG pulses and elevated system pressure. Using

this strategy, InN/InGaN axial heterostructures are produced, and changes in nanowire

composition are accompanied by changes in nanowire diameter. The mechanism of these Ga-

driven morphological changes is elucidated using a combination of electron tomography and

EDS. To our knowledge, this is the first demonstration of III-V nitride axial heterostructure

nanowires grown in a nonpolar direction.

5.1. Ga incorporation into InN nanowires

Studies on the growth of InGaN films have shown significant effects of precursor flow rates,

temperature, and pressure on film composition,122,123 but there have been limited reports of

particle-mediated InGaN nanowires. We therefore investigated the effects of these parameters

during the growth of InN/InGaN axial heterostructures, which were formed by pulsing TMG

during InN nanowire growth. The range of viable TMG flows was limited by the formation of a

Ga-rich shell, preventing higher TMG flows that would enable InGaN formation in the nanowire

core. Elevated growth pressures and temperatures inhibited this sidewall deposition, enabling

higher TMG flows. However, because sidewall deposition was likely minimized by a reduction



in the local supply of Ga, no significant increase in InGaN formation was observed. By using

high-flux TMG pulses for short durations, InN/InGaN axial heterostructures were formed with

minimal sidewall deposition.

5.1.1. InN nanowire basis

Indium nitride nanowires were grown by both CVD and MOCVD techniques, using solid In

and TMI as the III source, respectively. For CVD InN nanowires, solid In (-5 mg) was placed

on or near the growth substrates. For MOCVD InN nanowires, 100 sccm of N2 was delivered

through the TMI bubbler. Substrates used included 2-5 gm thick a-GaN and c-GaN films on r-

sapphire and c-sapphire, respectively. Unless otherwise noted, all InN and InGaN growths

described below were performed at 560'C and 100 Torr for lh using solid In as the III source

and 60 nm Au colloids to seed nanowire growth.

The majority of nanowires grew in the [1-100] m-direction on a-GaN substrates, while the

majority grew in the [0001] c-direction on c-GaN substrates, similar to the results for GaN

nanowires. Figure 5-1 shows both m-InN and c-InN nanowires, which have triangular and

hexagonal cross-sections, respectively.61 The SAD patterns confirm their orientation, and the

HR-TEM images reveal that both types of nanowires have c-plane stacking faults similar to those

in Au-seeded GaN nanowires. These stacking faults extend axially along the length of the

nanowire and radially along individual monolayers for m-InN and c-InN nanowires, respectively.

Attempts were made to grow InN nanowires with other seed metals, including Ni, but nanowire

growth was not observed. Other authors have also found difficulties growing InN nanowires

with metals other than Au. 02 Nonetheless, these nanowires provide a suitable platform for

investigating the incorporation of Ga to form InGaN. For InN/InGaN axial heterostructures, we

b

Figure 5-1. Structure of InN nanowires. (a,b) Structure of m-InN (a) and c-InN (b) nanowires
including bright-field TEM images (top), HR-TEM images with visible c-plane stacking faults
(left), and corresponding SAD patterns (right) indicating orientation along the [11-20] zone axis.
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focus primarily on nanowires grown on a-GaN substrates due to the benefits of nonpolar-

oriented heterojunctions for nanowire-based devices.37

5.1.2. TMG flux

To produce InGaN segments, TMG was introduced during the growth of InN nanowires.

Two different methods were used: (1) pulsed TMG flow for a few seconds and (2) continuous

TMG flow for a few minutes. In both cases, Ga incorporation was limited at lower TMG flows,

while higher TMG flows produced a Ga-rich shell around the InN core (Figure 5-2). The

formation of the shell was so significant that it actually coated the seed particle as well (see

Figure 5-2b). The HR-TEM image in Figure 5-2e reveals that the shell is somewhat rough but

still single-crystalline, and the corresponding SAD pattern is consistent with heteroepitaxy

between single-crystalline InN and GaN layers. To confirm that the coating around the seed

formed during nanowire growth, InN nanowires were grown for 10 and 30 min prior to

introducing TMG. The resulting nanowires grown for just 10 min were much shorter, indicating

that the seed was coated upon introduction of TMG, consequently causing nanowire growth to

cease. While GaN is generally grown at much higher temperatures, thin films have been grown

at temperatures around 600'C and below,171 -174 but activated processes were generally employed

to overcome the large kinetic barrier at low temperatures.171,17 2 Notably, Nagata et al. produced

GaN microcrystals at 600 C using liquid Ga droplets to promote nucleation.173 Thus, the GaN

shells may have formed due to Ga droplet formation above a threshold TMG flow.142 43 As

further evidence, shell growth was accompanied by the formation of isolated Ga-rich

nanostructures across the substrate, indicating potential nucleation from Ga droplets (Figure

5-2e). Additionally, the roughness of the shell is consistent with the presence of Ga droplets.'7 5

For 2 s TMG pulses, flows as high as 0.30 sccm TMG could be used prior to shell formation,

but 4 s pulses at the same flow produced GaN shells. With continuous TMG flow, shell

formation occurred for even the lowest TMG flows used, although shell formation at 0.02 sccm

TMG was low enough that it did not cease growth (Figure 5-2a). However, some Ga

incorporation was observed using pulsed TMG flow (Figure 5-2c). For the nanowire in Figure

5-2c, EDS measurements indicate at least 10% Ga incorporation (i.e. x = 0.10 within the
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InxGa1_,N region).! When TMI was used as the III precursor, the flow was just 0.15 seem TMI,

only half of the highest TMG pulse flow, so significantly higher TMG/TMI ratios are needed to

promote InGaN formation in these particle-mediate nanowires compared to InGaN films at

similar temperatures.1,1 This is also clear from the fact that the shell is Ga-rich while the core

is In-rich. The need for such a high TMG flux could be a consequence of thermodynamic

barriers inhibiting Ga incorporation into the Au-In alloy. Dick et al. reported that TMG pulses

drove In out of Au-In seed particles during the growth of InAs/GaAs axial heterostructure

nanowires, indicating that mixing of Ga and In in Au-In-Ga alloys may not be

thermodynamically favorable under certain conditions.

a b e

c 

d

Figure 5-2. Effect of TMG flux on axial InGaN growth and radial GaN growth. (a-d) STEM
images (left) and corresponding EDS maps (right) for InN-InGaN heterostructures grown using
different TMG flows: (a) 0.02 seem for 5 min x2 (2 pulses); (b) 0.06 seem for 20 min; (c) 0.30
seem for 2 s x4; (d) 0.30 seem for 4 s x4. Green, red, and blue correspond to Au, In, and Ga
respectively. (e) SEM image of InN-GaN core-shell nanowires and small Ga-rich nanostructures
grown on a SiOx/Si substrate (top), HR-TEM image of the InN core and GaN shell from the
substrate above (center), and corresponding SAD pattern indicating orientation along the
[-24- 23] zone axis. Scale bars in (a-d) represent 100 nm.

The composition within the first InGaN segment was measured to be 9.8% Ga based on the maximum Ga/In signal
ratiofrom an EDS linescan. However, this results in an underestimate of the actual Ga concentration due to the
fact that signal spreading reduces the measured peak Ga composition.
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5.1.3. Pressure

Because Ga-rich shell formation puts a ceiling on the allowable flow of TMG, we varied the
growth conditions in order to inhibit shell formation. First, we varied the system pressure and
found that higher pressures allow greater TMG flows without inducing shell formation. Figure
5-3 shows nanowires grown at different system pressures and TMG flows. For nanowires grown
at 100 Torr with 4 s pulses of 0.30 sccm TMG, shell formation occurred (Figure 5-3a).

However, no shell formation was observed at 400 Torr even when the flow was doubled to 0.60
sccm TMG (Figure 5-3b). While many authors have reported reduced GaN growth rates at
higher system pressures, 176-18 these studies were generally performed at high temperatures in the

mass-transport-limited regime in which the growth rate is limited by vapor-phase diffusion of Ga

species, which is inhibited at higher pressures. At lower temperatures, GaN growth should be
reaction-limited due to the significant kinetic barrier to GaN formation. Because shell formation

here is suspected to occur due to the presence of liquid Ga droplets, higher system pressures

likely inhibit Ga droplet formation. Notably, indium-rich conditions have been shown to inhibit

the formation of Ga droplets, 7 5 and In droplet formation increased at higher pressures in the

growth of InAlN/AlN/GaN heterostructures,179 indicating greater In surface coverage with

increased pressure. Therefore, we suggest that higher pressures increase the ratio of In to Ga

adatoms on the substrate, which inhibits Ga droplet formation and therefore GaN shell

formation.

a b

Figure 5-3. Effect of system pressure. (a,b) STEM images (left) and corresponding EDS maps
(right) for nanowires grown at 100 Torr using 0.30 sccm TMG pulses (a) and 400 Torr with 0.60
sccm TMG pulses (b). Green, red, and blue correspond to Au, In, and Ga respectively. Scale
bars represent 100 nm.

While a significant amount of Ga incorporation into the nanowire core was observed for the

nanowire grown at 100 Torr in Figure 5-2c, no significant Ga incorporation into the nanowire
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core was observed at 400 Torr even when each TMG pulse contained 4 times as much TMG

(Figure 5-3b). The fact that higher TMG fluxes at higher pressures did not produce greater Ga

incorporation than lower TMG fluxes at lower pressures may also be a consequence of greater

surface coverage by In versus Ga adatoms, which could reduce the supply of Ga reaching the

seed particle. Thus greater In versus Ga surface coverage at higher pressure is consistent with

the observed reductions in both GaN shell formation and InGaN formation in the nanowire core.

5.1.4. Temperature

The growth temperature can have significant consequences on the formation of InGaN. For

example, Yoshimoto et al. found that the TMI/TMG ratio required to produce InGaN films with

high In content decreased as the temperature decreased. 122 Here, we found that the kinetics of

nanowire growth were notably different at different growth temperatures. After initial InN

growth at 560'C and 100 Torr, the growth temperature was changed, and TMG was then pulsed

to produce a marker indicating the onset of growth at a different temperature. The growth rates

of different segments could then be compared (Figure 5-4). Segments grown at 540'C grew

51% faster than those grown at 560'C. However, segments grown at 520'C and 600'C grew

11% and 62% slower, respectively, than segments grown at 560'C. Thus the nanowire growth

rate initially increases with temperature, then decreases again. The initial increase could be

associated with the increased In vapor pressure, a reduced kinetic barrier for InN formation,

and/or increased NH3 cracking,180 which is less than 1% efficient at 500'C but reaches a near

maximum of about 4% by 600'C.1 It could also be associated with the phase of the seed particle,

which should be liquid at 560'C, but may be solid at 5200C.181 The decreased growth rate above

540'C may be driven by greater In desorption at higher temperaturesi12 and/or increased H2 from

increased NH3 cracking. 183 Here, InN etching was observed when H2 was introduced during

nanowire growth. The relatively slow growth rate of InN at 6000C may also be the result of the

reduced stability of InN at higher temperatures. Dissociation of InN can occur below 600'C,

generally limiting growth to below 650'C.184'185 Here, InN etching was observed at 6250 C.

These differences in nanowire growth kinetics at different temperatures could have an effect on

shell formation, as well as Ga incorporation into the nanowire.

Note: These values do not consider any potential catalytic effect that Au may have on NH cracking.
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Figure 5-4. Effect of temperature on growth rate. (a) STEM image of an InN-InGaN
nanowire grown at 540'C in which TMG pulses were used as markers to indicate segments
grown at 560'C (segment 1) and another temperature (segment 2). (b) Growth rate
measurements of nanowires similar to the one shown in (a) grown with different segment 2
temperatures. The growth rate of segment 2 (V2) is normalized with respect to the growth rate of
segment 1 (vi). Scale bar represents 200 nm.

Figure 5-5 shows nanowires grown at 520-600'C at 400 Torr with both continuous and
pulsed flows. Although no shell formation was observed for pulsed TMG flow (Figure 5-5d-f),
shell formation increased as temperature decreased for continuous TMG flow (Figure 5-5a-c),
particularly between 560'C and 520'C. This trend may seem counterintuitive, as shell formation
is generally greater at elevated temperatures. In fact, nanowires are often grown at lower
temperatures to avoid tapering resulting from shell deposition.1 2,1 3 Furthermore, when core-
shell nanowires are grown, the growth temperature is commonly raised between core growth and
shell deposition. 103,186 However, as discussed previously, shell formation at these low
temperatures is likely a consequence of Ga droplet formation. Therefore, the decrease in shell
formation at elevated temperatures is likely due to increased desorption of Ga, which has been
shown to reduce droplet formation within the specific temperature region studied here. 4 2

The effect of temperature on Ga incorporation into the nanowire is not entirely clear. Again,
no axial InGaN formation was observed using continuous TMG flow (Figure 5-5a-c). For pulsed
TMG flow at 400 Torr, InGaN formation was only observed at 600'C. However, while the
nanowire in Figure 5-5f has an Ini..GaxN disc with at least x = 0.12, only one of the four
different TMG pulses produced significant InGaN formation. Therefore, variations in the
amount of Ga pulsed may have a greater effect than temperature between 560-600'C. At 520'C,
the introduction of TMG caused the seed particle to separate into multiple different particles,
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essentially ceasing axial growth in the case of both continuous and pulsed TMG flow (Figure

5-5a,d).

a Contnuous b C

d e f

Figure 5-5. Effect of temperature on InGaN formation. (a-f) STEM images (left) and

corresponding EDS maps (right) of nanowires grown at 400 Torr with upper segments grown at

520'C (a,d), 560'C (b,e), and 600*C (c,f). For (a-c), a continuous flow of 1 sccm TMG was used

for 15 min. For (d-f), multiple 4 s pulses with 0.60 sccm TMG were used. Scale bars represent

100 nm.

5.1.5. Seed particle composition

Axial InN/InGaN heterostructures with compositions as high as x = 0.16 within the In,,GaxN

discs were achieved using pulsed TMG flow,61 but under no conditions was a detectable amount

InGaN formed within the core using continuous TMG flow. Clearly a higher Ga flux was

required, although it is not clear whether the brief TMG pulses significantly affect only the

concentration of Ga in the vapor/adatom phase or if they affect the composition of the seed

particle as well. To investigate this, we used STEM-EDS to measure the ex situ composition of

seed particles of nanowires grown with continuous and pulsed TMG flow that did not have shells

around the seed. For continuous TMG flow, no Ga was detected in the seed particle. For pulsed

TMG flow, the measured seed composition was as high as 7% Ga. This indicates that a high Ga

flux is needed to drive Ga incorporation into the seed and that particle-mediated InGaN
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formation will not occur without a certain threshold concentration of Ga within the seed particle.

Even when Ga-rich shells deposited around the nanowire, the core remained In-rich. Therefore,

Ga incorporation into the nanowire core is likely limited by the composition of Ga in the seed.

Both the liquid- and vapor-phase concentrations of Ga may be important in determining the

composition of the nanowire. Notably, Dick et al. were able to achieve abrupt junctions in

InAs/GaAs axial heterostructure nanowires by pulsing TMG prior to continuous TMG flow,

whereas they produced graded junctions when switching immediately from continuous TMI flow

to continuous TMG flow due to residual In in the seed particle.' 1 7 In their case, the Ga pulses

drove Ga into and In out of the seed without forming InGaAs. Before continuous TMG flow, the

composition of Ga in the seed particle was significant, but the vapor/adatom-phase Ga

concentration was low enough to prevent InGaAs formation. Once continuous TMG was used,

the composition of In in the seed was low enough that pure GaAs formed instead of InGaAs,

creating an abrupt InAs/GaAs junction.

In our case, a high vapor/adatom-phase Ga concentration was required to drive Ga into both

the seed particle and the nanowire. A continuous low-flux TMG flow did not produce any

Omeasured Ga incorporation into either the seed or the nanowire. However, high-flux pulses of

TMG were enough to induce InGaN formation even with a relatively low composition of Ga in

the seed. On the other hand, Ga could be detected in the seed particle even when InN was grown

for 10 min after the last TMG pulse, indicating that the vapor/adatom-phase Ga concentration

was then too low for InGaN to form. However, the flux and duration of the TMG flow were

limited by the formation of Ga droplets, which facilitated GaN shell formation.

5.2. InN/InGaN axial heterostructures

Given that TMG pulses were the proven effective in producing in InN/InGaN axial

heterostructures, we further explored this technique and the resulting nanowire composition and

morphology. The intermittent TMG pulses during growth produced thin-diameter regions along

the nanowires, and EDS was used to confirm that that the InGaN discs are located in these thin-

diameter regions. Furthermore, electron tomography was used to produce a three-dimensional

model of these nanowires from which cross-sections could be extracted. From the tomography

and EDS results, we explain how the cross-section evolves when TMG is introduced during InN

nanowire growth.
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5.2.1. Structure & composition

InN/InGaN axial heterostructure nanowires were grown by pulsing TMG quasi-periodically

during growth (Figure 5-6a). As shown in the TEM images and corresponding SAD patterns in

Figure 5-6b, the resulting nanowires grew preferentially in the nonpolar m-direction with a

"caterpillar" morphology containing multiple thin-diameter regions along the nanowire.

Interestingly, the diameter change appears uniform when viewed along the [0001] zone axis, but

non-uniform when viewed along the [11-20] zone axis. The EDS profile in Figure 5-7a shows

that Ga is isolated within the thin-diameter regions of these nanowires, indicating that the TMG

pulses lead to a reduction in nanowire diameter associated with the formation of InGaN.

a 0.
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Figure 5-6. Morphology of caterpillar-shaped InN-InGaN heterostructures. (a) Variation of

TMG flow with time during growth of caterpillar-shaped InN/InGaN axial heterostructure

nanowires. (b,c) Bright-field TEM images (left) and corresponding SAD patterns (right) of the

nanowires taken along the [11-20] (b) and [0001] (c) zone axes. All scale bars represent 100 nm.

Changes in nanowire diameter are associated with changes in seed particle volume and

wetting angle. For example, assuming a constant wetting angle, an increase in seed particle

volume would yield an increase in nanowire diameter. 61' 84'90 Therefore, we compared the seed

particle composition of two different nanowires (Figure 5-7b). One nanowire was finished with

an InGaN segment, while the other was finished with a 10-min InN segment that followed an

InGaN segment. The Au composition was higher for the thinner InGaN segment (66 ± 4%) than
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the thicker InN segment (54 + 6%), indicating that the total composition of III source (In and Ga)

was lower in the thin diameter regions. Therefore, the diameter changes are driven at least in

part by the changes in seed particle volume.
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Figure 5-7. Composition of InN-InGaN heterostructures and seed particles. (a) DF-STEM
image (top) of a m-directional caterpillar-shaped InN/InGaN nanowire taken along the [0001]
zone axis and EDS linescan profiles (bottom) of In and Ga taken along the yellow arrow. The
regions corresponding to Steps I and II of the cross-sectional shape evolution are indicated by
red and blue, respectively, which also correspond to regions with greater In (red) and Ga (blue)
content, respectively. (b) DF-STEM images of an InN/InGaN axial heterostructure nanowire
finished with an InGaN segment (left) and another finished with a 10 min InN segment (right)
following an InGaN segment. The dashed regions correspond to the seed particle regions with
Au and oxide. EDS spectra (bottom) were collected from within the dashed regions and
normalized to the In peaks. All scale bars represent 50 nm.

5.2.2. Cross-section evolution

To further evaluate the Ga-driven morphological changes in these nanowires, electron

tomography was performed to reconstruct the three-dimensional shape of these nanowires

(Figure 5-8). 6. From this model, we were able to extract cross-sectional slices at specific

positions along the nanowire (Figure 5-8g-i). Using SEM, TEM, and SAD analysis (Figure

5-8c-e and Figure 5-6b), we were able to index the orientation of the nanowire and the facets of

the cross-section. At position 1 (Figure 5-8fg), the nanowire has a truncated triangular
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geometry with two upper { 11-22} facets and a lower {000 } that are truncated at the corners by

the same planes of the same family ({11-22} and {0001}).
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Figure 5-8. Tomography of caterpillar-shaped InN-InGaN heterostructures. (a) SEM image

of a caterpillar-shaped InN/InGaN axial heterostructure lying on a lacey carbon TEM grid. (b)

Tomography reconstruction with the same orientation as in (a). (c-e) SEM images (left) and

corresponding tomography reconstruction (right) of caterpillar-shaped InN/InGaN nanowires

taken along two (0001) directions and one (11-22) direction, described by insets and supported

by diffraction patterns (Figure 5-6). Colors represent different facets defined in (i). (f)

Reconstructed model of the nanowire morphology using the same facet color scheme as in (c-e).

(g) Cross-sections at positions 1, 2 and 3 extracted from the tomography results at the positions

labeled in (b) and illustrated in (f). Colors of cross-sections and facets correspond to those in (c-

f). The facet inclination in the upper left corner of the reconstructed cross-sections is an artifact

resulting from the limited tilt range of the tomography series. (h) Overlaid cross-sections shown

in (g) emphasize the evolution during steps I & II. (i) Identification of the nanowire facets and

their two-step evolution. The "upper" {0001} and { 11-22} facets are shown in red/purple and

orange, respectively. The "lower" {0001} and {11-22} facets are shown in green and blue,

respectively. All scale bars represent 50 nm.
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This cross-section evolves from wide (position 1) to narrow (position 2) to wide again

(position 3) repeatedly throughout growth (see Figure 5-8f-i). In step I, moving from position 1

to 2, the lower comer {11-22} facets broaden steadily causing a diameter reduction along the

(11-22) directions. Simultaneously, the upper {0001} facet broadens abruptly and causes a

(0001)-directional diameter reduction, yielding a highly truncated cross-section that is almost

hexagonal. In step II, moving from position 2 to 3, the upper {0001} facet quickly shrinks,

increasing the diameter along the (0001) direction, and then stabilizes. Simultaneously, the

lower { 11-22} facets shrink, increasing the diameter along the (11-22) directions, and continue

to do so until reaching position 3, at which they begin to broaden again.

The two-step evolution of the cross-section can be understood by considering the changes in

surface energy and volume that occur as a result of introducing Ga into the system. The abrupt

reduction in diameter that occurs during Step I should occur upon the introduction of Ga into the

system. As described previously, EDS results indicate that InGaN forms within the thin-

diameter regions (Figure 5-7a). Measurements of the ex situ seed particle composition (Figure

5-7b) indicate that the seed particle volume is lower in the thin-diameter regions, which may

explain the reduction in nanowire diameter. In fact, studies by Dick et al. suggest that the

introduction of Ga can drive In out of Au-In seeds." 7 This could be a consequence of reduced In

solubility as Ga is introduced (thermodynamic factors) or Ga adatoms inhibiting In transport to

the seed (kinetic factors). Regardless, the introduction of Ga reduces the seed particle volume

and drives the reduction in nanowire diameter, which occurs primarily by broadening of the

upper {0001} facet (Figure 5-8f-i) and results in a significant reduction in diameter along the

(0001) direction. The most stable facets for InN and GaN have been observed to be (000-1) and

(0001), respectively.18 7'18  We therefore suggest the upper (0001) facet is stabilized as Ga is

introduced, while the lower facet is (000-1). Z-contrast tomography shows that InGaN forms in

very narrow discs within the thinnest regions of the nanowire (Figure 5-9a), indicating that the

upper (0001) facet begins to broaden even before InGaN forms, so this facet broadening is not

necessarily associated with InGaN formation. Additionally, nanowires grown under similar

conditions with lower-flux TMG pulses show significant (0001)-directional diameter reductions

even when little Ga is incorporated into the nanowire (Figure 5-9b), indicating that (0001) facet

broadening is not dependent on the composition of the nanowire. Furthermore, InGaN formation

appears to follow the facet broadening rather than precede it. First-principles calculations
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suggest that In adatoms can destabilize (0001) GaN surfaces, 18 9 so it is reasonable that Ga

adatoms would also destabilize (0001) InN surfaces, which may explain why the (0001) facet

broadening occurs even without substantial InGaN formation.
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Figure 5-9. Diameter and composition changes in InN-InGaN heterostructure. (a) Slice
along the tomographically reconstructed nanowire in Figure 5-8. The darker contrast in the thin-
diameter regions indicates greater Ga content. (b) Linescan along a nanowire from a separate
growth in which the Ga content varies between TMG pulses. The EDS profile (bottom) was
obtained along the dashed line in the STEM image above it.

Next, in step II following InGaN formation, the composition of III source in the seed particle

increases again, causing an increase in seed particle volume and therefore nanowire diameter.

The (0001)-directional diameter increase is achieved by a rapid reduction in the width of the

upper {0001} facet, while the (11-22)-directional diameter increase is achieved by gradual

contraction of the lower { 11-22} facets. After point 3, these lower {11-22} facets begin to

broaden again resulting in a gradual (11 -22)-directional diameter reduction. Notably, the

polarity of the upper and lower {11-22} facets is opposite. Therefore, the broadening and

contraction of the lower {11-22} facets is likely a consequence of changes in the relative

abundance of different III and V adatoms, which affects the relative stability of facets of

different polarity within the same family.' 89 190 Close inspection of the nanowire in Figure 5-8b

shows that the duration of the (11-22)-directional diameter increase is similar after each TMG

pulse, while the duration of the (11-22)-directional diameter reduction decreases as the time

between pulses decreases. Therefore, we suggest that lower { 11-22} facet contraction occurs
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gradually until residual Ga that remains after the TMG pulse is sufficiently removed. Then the

lower { 11-22} facets expand again until the next TMG pulse.

While the exact geometry of the seed particles and the composition-dependent surface

energies would need to be considered to quantitatively describe the shape evolution of these

InN/InGaN axial heterostructure nanowires, the measured nanowire and seed particle

composition indicate a Ga-driven nanowire diameter reduction associated with a decrease in seed

particle volume. Meanwhile, changes in the lengths of different nanowire facets indicate that the

introduction of different III species can significantly modify the facet surface energies, resulting

in changes in nanowire cross-section. Facet surface energies could also potentially be controlled

by growth temperature and pressure,191 allowing control over the relative sizes of different

nanowire facets.

5.3. Summary

Nonpolar-directional InN/InGaN axial heterostructure nanowires were synthesized by

pulsing TMG during InN nanowire growth. Significant Ga incorporation into the seed particle

could only be achieved through the use of high TMG flows. However, excessive TMG resulted

in the formation of a Ga-rich shell that coated the nanowire and seed particle, ceasing axial

nanowire growth. Axial heterostructures were formed without significant shell formation by

using brief high-flux TMG pulses. Operation at higher system pressure and temperature

inhibited shell formation and allowed higher TMG fluxes to be utilized. Nonetheless, less Ga

incorporation into the nanowire was observed at the higher pressure, which was likely due to a

reduction in the peak concentration of Ga resulting from greater TMG spreading in the injector

line. Also, the stability of InN decreases at higher temperatures. Therefore, moderate pressure

and temperature were used to achieve InN/InGaN axial heterostructures with up to 16% Ga at

100 Torr and 560'C.6 1 In addition to constituting the first demonstration of nonpolar-oriented

III-V nitride axial heterostructure nanowires, these studies reveal the complexity of ternary

nanowire synthesis via particle-mediated growth, in which the composition of the III element in

both the vapor/adatom phase and seed phase has a significant impact on nanowire composition.

Quasi-periodic TMG pulses produced "caterpillar"-shaped structures with repeated

asymmetric diameter changes. Measurements of both nanowire and seed particle composition

via EDS indicate that Ga is isolated within the thin-diameter regions of the nanowire and that the
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diameter reduction is a consequence of reduced seed particle volume. Electron tomography was

used to reconstruct a three-dimensional model of a nanowire from which multiple cross-sectional

slices along the nanowire were extracted. The nanowire diameter and cross-sectional shape were

found to evolve by changes in the relative length of different { 11-22} and {0001} facets, which

we explained to be the result facet surface energy modification by the introduction of Ga.

In addition to constituting the first demonstration of nonpolar-oriented III-V nitride axial

heterostructure nanowires, these results demonstrate the effects that changes in facet surface

energy and seed particle volume can have on nanowire structure. In particular, the ability to

controllably modulate the nanowire diameter via changes in seed particle composition could

offer opportunities to fabricate unique nanowire architectures that are more optimally designed

for specific functional nanowire-based devices. In the following chapters, both experimental and

theoretical aspects of diameter modulation are explored in detail.
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Chapter 6: Growth of diameter-modulated GaN & InN nanowires

While we observed nanowire diameter changes during the growth of InN/InGaN

heterostructures, we now consider the intentional modulation of diameter in binary GaN and InN

nanowires, which could have a variety of applications. Diameter-modulated nanowires can be

used to enhance light trapping in photovoltaics by using thin-diameter tips to minimize reflection

and thick-diameter bases to maximize absorption.' 8 Nanowires have been demonstrated to be

promising materials for thermoelectrics by inhibiting phonon conduction while maintaining high

electronic conductivity, 17,192 and theoretical work has demonstrated the controlled variations in

diameter could significantly increase phonon scattering.48 Additionally, in thin nanowires with

radial quantum confinement, variations in diameter could be used to change the bandgap of the

material either as an alternative to or in conjunction with compositional control over the

bandgap. Furthermore, changes in the nanowire diameter could be used to selectively alter the

mechanical properties of different nanowire regions.

Diameter changes have commonly been observed during particle-mediated nanowire

growth,67,125 ,126 but there have been limited reports of intentional diameter modulation. Fan et. al

generated dual-diameter Ge nanowires by using an anodized alumina template in which a two-

step anodization process was used to vary the width of the pores in which the nanowires were

grown.' 8  To eliminate the need for such templates, as well as allow for multiple diameter

changes along the nanowire, the diameter can instead be altered by changing the composition of

the seed particle during growth.61 ,67"28 In the absence of a template, the diameter (d) of the

nanowire is dependent upon both the volume (V) of the seed particle and the wetting angle (8)

between the seed particle and the nanowire. For cylindrical nanowires, this can be expressed as

follows. 90

d = 2 (1+ cos(/J))" 2  (6-1)
(17 (_ COS(#))11' (2 + cos(#8))u3

Changes in the composition of the alloying element(s) in the seed particle directly alter the

volume of the seed volume while also affecting the composition-dependent surface energies that

determine the wetting angle.

In the case of III-V nitrides, the group III elements (In,Ga,Al) alloy readily with the metal

seed, but the group V source (N) is generally insoluble in the seed and III metals. 68-70'193 Instead,



N enters at the vapor/liquid/solid (v/l/s) interface and diffuses along the 1/s surface, where III-V

solidification occurs (see Figure 2-3). Therefore, it should be possible to use the flow rates of

the III and V precursors to control the rates of III source incorporation into and extraction out of

the seed particle, respectively, thereby altering the seed particle composition and nanowire

diameter.

We explore this flow-controlled approach by varying the flow of III & V precursors during

nanowire growth. We achieve diameter modulation in InN and GaN nanowires by changing the

fluxes of NH 3 and Ga, respectively. Measurements of seed particle composition indicate that

these diameter changes are driven by changes in seed particle volume. Based on differences in

segment growth rates, we conclude that the III and V sources can be used to alter the rates of III

source incorporation and extraction, respectively. Using this technique, we fabricate GaN

nanowires with thin-diameter notches and demonstrate that these regions can serve as sites for

preferential nanowire fracture.

6.1. Modulation of InN diameter with the V source

We investigated diameter modulation in InN nanowires by adjusting the flux of the V source

(NH 3) during growth while keeping the flux of the III source (In) constant. Reductions in V flow

resulted in segments with reduced growth rates and wider diameters. The slower growth rate

stems from a reduction in the rate of extraction of In out the Au seed particle, which leads to an

accumulation of In within the seed, as confirmed by ex situ EDS measurements. These results

demonstrate that template-free nanowire diameter modulation can be effectively achieved by a

simple flow-controlled approach.

6.1.1. Diameter and growth rate changes in InN nanowires

The InN nanowires were synthesized by CVD at 560'C and 200 Torr using metallic In as the

III source. The nanowires were grown on 2-5 gm thick films of a-GaN on r-sapphire and c-GaN

on c-sapphire using 60 nm Au colloids as seed particles. Figure 6-1 shows SEM and TEM

images of the InN nanowires grown using 300 sccm NH3, which were removed from the growth

substrate by sonication. These nanowires have either triangular or hexagonal cross-sections,

while TEM images and their corresponding SAD patterns confirm that these grow along the

[1-100] direction (m-InN) and [0001] direction (c-InN), respectively. The choice of substrate
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has a significant impact on the preferential crystallographic orientation, as the majority of
nanowires grown on a- and c-GaN grew in the m- and c-direction, respectively.

a b

Figure 6-1. InN nanowires oriented in the m- and c-directions. (a) SEM images of m-InN and
c-InN nanowires (left), as well as their corresponding triangular and hexagonal cross-sections,
respectively (right). (b) TEM images (right) and corresponding SAD patterns (left) for m-InN
(top) and c-InN (bottom) nanowires. All scale bars represent 100 nm.

To investigate diameter modulation in InN nanowires, we varied the flux of the V source
(NH3) during growth while keeping the flux of the III source (In) constant. Three different
growths (I, II, & III) were performed, each consisting of an initial segment grown for 60 min at
300 sccm NH 3 followed three segments each consisting of a duration of both low (50 sccm) and
high (300 sccm) NH3 flow (Figure 6-2a-c). The resulting nanowires show distinct regions with
larger and smaller diameters (hillocks and valleys, respectively). As shown in Figure 6-2d, the
lengths of the hillocks and valleys were proportional to the durations of low and high NH3 flow,
respectively. Therefore, it can be concluded that a reduction in NH3 flow causes nanowire
diameter expansion, while resumption of high NH3 flow causes contraction back to the original
diameter. Furthermore, when the durations of high and low NH3 flow were equal (growth I), the
hillocks were 39 ± 7% shorter than the valleys, demonstrating that reduced NH3 flow also
reduces the growth rate.
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Figure 6-2. Diameter-modulated InN nanowires via V source reduction. (a-c) NH 3 flow as a

function of time (top) for m-InN (middle) and c-InN (bottom) nanowires grown in growths I (a),

II (b), and III (c). (d) Growth time and normalized length of hillocks and valleys for each of the

3 segments in growths I (top), II (middle), and III (bottom). All scale bars represent 100 nm.

6.1.2. Seed particle composition

As shown in Equation 6-1, changes in nanowire diameter can result from changes in either

diameter or wetting angle. Given the slower growth rate of the nanowires during segments with

low NH3 flow, it makes sense that the reduced extraction rate of In out of the seed particle would

cause an accumulation of In within it. To test this, we measured the composition of the Au-In

seed particles after segments of both high and low NH 3 flow. For high NH3 flow, the InN

nanowires were grown for 60 min at 300 sccm NH3. For low NH3 flow, the initial 60-min

segment was followed by a 30-min segment at 25 sccm NH 3. The composition of the Au-In

alloys was measured using EDS coupled with STEM.
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It is important to note that the in situ composition of the seed particle during growth can vary

from the ex situ EDS measurements, because some of the supersaturated In can be extracted from

the seed particle during post-growth cooling. However, for these InN nanowires, a localized

In20 3 layer (bcc, 1a3, a = 1.0117 nM)194 was observed between the InN nanowire and the Au-In

particle (Figure 6-3a,b), which we attributed to oxidized In formed during cooling through

reaction with impurity oxygen or water vapor in the reactor. The presence of this oxide actually

enables a better ex situ estimate of in situ seed composition, because the 0 traps the In and

ceases further nanowire growth. Therefore, In present in both the seed alloy and the neighboring

oxide region were including in the EDS measurements. For volume calculations, only Au and In

were taken into account, as the oxygen in the oxide was not present during growth, and N has

negligible solubility in Au. The error of the measurements reported above includes small

compositional differences between different nanowires as well as the limitations in defining the

precise interface between the nanowire and the seed particle regions. In some cases, there was

overlap between the seed particle and the nanowire, but the small amount of extra In included

here was found to have a minimal overall effect on the measured composition.

b C
n N

Au In 3-25 sccm
-- 00 sccmn

1 2 3 4 5
Energy (keV)

Figure 6-3. Au-In seed particle composition. (a) TEM image of the tip of an InN nanowire

(left) and a lattice-resolved HR-TEM image (right) from the area indicated by the white box
showing an In203 region between the nanowire and the Au-In seed. (b) Fast Fourier transform
(FFT) produced the from the HR-TEM image. Diffraction spots corresponding to InN and In203
are indicated in white and yellow, respectively. (c) EDS profiles of seed particles measured after

high (red) and low (blue) NH3 flow. The spectra were obtained from the nanowires shown in the
STEM images in the insets, as indicated by the dashed regions.

From EDS measurements of multiple nanowires, the seed particles were found to have

greater In composition (71 ±6%) after lower NH3 flow than after higher NH3 flow (50 ±7%),

indicating a larger seed particle volume for the wide diameter regions (Figure 6-3c). Taking into
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account the molar volumes of liquid In and Au at 560'C,195 the compositional changes reported

above would correspond to a 93 ± 55% volume expansion of the seed particle and a 24 ± 12%

increase in diameter, assuming no change in wetting angle. These measurements are in

agreement (within the error of measurement) with the measured increase in nanowire diameter of

34 ± 9% (measured from more than 25 nanowires). Based on Equation 6-1, an in situ wetting

angle change of 6' would account for the small difference between the measured diameter

change and the values estimated from EDS. While measuring in situ seed composition and

accounting for changes in wetting angle would yield a more precise calculation, our results

clearly demonstrate that reduced NH 3 flow induces increased seed particle volume and

consequent nanowire diameter expansion.

6.1.3. Mechanism of V-flow-induced diameter modulation

According to Equation 6-1, the nanowire diameter remains unchanged when (1) the wetting

angle of the seed particle is at equilibrium and (2) the rate of 111-source incorporation into the

seed particle is balanced by the extraction rate of 111-source out of the seed particle by reaction

with N-source (seed particle volume is constant). Assuming a flat liquid/solid interface, the

equilibrium wetting angle can be calculated as follows:

UV cos# = c, cos a -as (6-2)

where uvi, u-',, and 0 ls are the surface energies at the vapor/liquid, vapor/solid, and liquid/solid

interfaces, respectively, and a is the inclination angle of the nanowire sidewall, which is 90' at

steady state (Figure 6-4). (The validity of Equation 6-2 and the assumption of a flat liquid/solid

interface will be discussed further in section 7.3, but this equation is qualitatively sufficient for

the purpose of this analysis.) The rate of III-source incorporation into the seed particle with the

difference in chemical potential between the vapor (v) and liquid (1) phases.60

ApI' = pI" - 1" (6-3)

The extraction of III source out of the seed particle occurs by reaction of III source in the liquid

with N. Therefore the extraction rate is dependent upon the supersaturation of both the III and N

sources between their respective phases and the solid (s) nanowire phase.

Ap "II =1p" - 1" (6-4)

N N N (6-5)=u, 14P
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Because N is insoluble in Au and the III metals, 68- 70 the reference phase (P) for N may be either

the v/i/s triple phase line or the i/s interface, depending on where nucleation occurs.

b 5b
3 4

a aNH

SNH" Incopo ration
Extraction

Time

Figure 6-4. Mechanism of InN nanowire diameter evolution. (a) Illustration describing the
terms in Equations 6-2-6-5, including the relevant chemical potentials (p) of the III source and
N, as well as the relationship between the wetting angle (fl), the inclination angle (a), and the
surface energies (o) of the vapor (v), liquid (1), and solid (s) regions. (b) Schematic depiction of
the mechanism of InN nanowire diameter evolution (top) and a graph of the corresponding NH3
flow, incorporation rate, and extraction rate throughout the 5-step process (bottom). The sizes of
the green, blue, and red arrows illustrate the rates of In incorporation, N incorporation, and InN
solidification, respectively. Green and blue squares connected to the arrows indicate the
supplied fluxes of In and NH 3, respectively. All representations, including object sizes and
graphical values, are intended to illustrate relative quantities and do not necessarily reflect actual
values proportionately.

Based on the equations above, the mechanism of InN nanowire diameter modulation depicted

in Figure 6-4b can be understood as follows. Under constant 300 sccm NH flow, the nanowire

grows at steady state with constant diameter (step 1). When the NH3 flow is reduced to 50 sccm,
the rate of In extraction out of the seed particle suddenly decreases while the rate of In

incorporation into the seed particle remains high (red and green lines in Figure 6-4b,
respectively). This imbalance leads to an accumulation of In within the seed particle, increasing

its volume. Consequently, / exceeds its equilibrium value, and a increases to maintain the force

balance in Equation 6-2, resulting in diameter expansion (step 2). As the concentration of In in

the seed particle continues to increase, if" increases. This simultaneously decreases Ap"'

(Equation 6-3) and increases Ais" (Equation 6-4), which slows the incorporation rate and

speeds up the extraction rate, respectively. Eventually these rates become balanced, f returns to

equilibrium, and a larger steady-state diameter is obtained (step 3).
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A similar process occurs when the NH3 flow is increased back to 300 sccm. The extraction

rate suddenly increases while the incorporation rate remains low, which reduces both the seed

particle volume and wetting angle. This reduction in P causes a corresponding reduction in a,

which leads to a reduced diameter (step 4). The reduction in In composition lowers pf", which

simultaneously increases Apf"' (Equation 6-3) and decreases Ap'" (Equation 6-4), speeding up

incorporation and slowing extraction until the rates of incorporation and extraction are balanced.

Eventually, the original steady-state diameter is obtained (step 5).

6.2. Diameter modulation of GaN nanowires with the III source

The results of the diameter modulation studies with InN nanowires demonstrate that the

nanowire diameter can be tuned by adjusting the flow of the V precursor, which alters the

extraction rate of the III source out of the seed particle. To demonstrate that the nanowire

diameter can also be tuned using the III precursor, we varied the flux of Ga during the growth of

GaN nanowires. The nanowire diameter and growth rate both decreased upon reduction of the

Ga flux, which was attributed to a lower composition of Ga in the seed particle as a consequence

of the reduced driving force for Ga incorporation.

6.2.1. Ga-induced changes in diameter and growth rate

GaN nanowires were synthesized by MOCVD at 835'C and 100 Torr using a setup similar to

that in section 4.3 except the Ga flux was controlled by the flow of H2 through a Ga-coated

quartz tube injector (see section 3.1.3). In this case, we utilize our observation in section 4.2.2

that H2 inhibits growth of GaN to minimize Ga consumption within the injector, thereby

achieving better control over the Ga flux. To maintain a reasonable growth rate, N2 carrier gas

was also used but not delivered through the injector. As with previous GaN studies, r-sapphire

substrates coated with 1 nm Au films produced GaN nanowires orientated in the [1-100] m-

direction.

The flux of Ga was varied during growth by changing the flow rate of H2 through the Ga-

coated injector between 0-150 sccm as described in Figure 6-5a. As the flux of Ga was reduced,

both the nanowire diameter and growth rate decreased accordingly. A reduction from 50 to 10

sccm H2 reduced the nanowire diameter by 13 ± 5% (Figure 6-5c) and the growth rate by 65 ±
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9%. This effect was reversible, as the same nanowire diameter was restored when the flow was

increased back to 50 sccm. Notably, the diameter could be continuously tuned with the Ga flux

such that the diameter decreased incrementally from 150 to 50 to 10 sccm. Also, brief cessations

of the injector flow generated short, thin-diameter regions along the GaN nanowire.
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Figure 6-5. Diameter-modulated GaN nanowires using via III source reduction. (a) Flow
rate of H2 through the Ga-coated quartz tube injector during nanowire growth. (b) TEM image
of a GaN nanowire taken along the [0001] zone axis. Segments 1-4 corresponding to the flows
described in (a). (c) Average diameter of each nanowire segment normalized to the diameter of
segment 2. Scale bar represents 100 nm.

As indicated by SEM images in which the GaN facets are clearly visible (Figure 6-6a,b), the

triangular cross-section of the nanowire is maintained throughout growth even as the diameter

changes, but the diameter changes are anisotropic. The triangular m-GaN cross-section is known

to be bounded by one {0001} facet and two {1122} facets. The TEM images and SAD patterns

in Figure 6-6c,d confirm that the SEM images in Figure 6-6a,b are viewed along the [0001] and

[11-20] zone axes, respectively. Thus it is clear that the {0001} facet remains flat during

diameter modulation, while the { 11-22} facets incline (a changes) to accommodate the changes

in diameter. These anisotropic changes are likely due to differences in surface facet energies. It

is important to note that a in Equation 6-2 is coupled with the value of o,,, which is different for

the two {111 2} facets versus the {000 I} facet. In order to achieve a certain change of the

U,, cos a term in Equation 6-2, the deviation of a from 90' should be significant with low a,

but negligible with high a,. Therefore, an inclined facet deviating from the {0001} plane

would likely have a relatively high increase in u, compared to the flat {0001}, while the inclined
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facets deviating from the {1122} planes likely have a relatively low increase in a,. This would

explain why the {1122} incline to accommodate diameter changes while the {OO01} facet

remains stable throughout the growth.

a b

4.4 In'

Figure 6-6. Anisotropic diameter evolution in GaN nanowires. (a,b) GaN nanowires viewed

along the [0001] c-axis (a) and [11-20] a-axis. The TEM images and corresponding SAD

patterns (left) confirm the orientation of the SEM images (center). The diagrams on the right

schematically illustrate the changes in nanowire diameter and morphology in cross-sectional

(top) and zone axis (bottom) views. Red and blue indicate wide and narrow diameters,

respectively. All scale bars represent 100 nm.

6.2.2. Mechanism of IH-flow-induced diameter modulation

For these GaN nanowires, the mechanism of diameter evolution is illustrated in Figure 6-7

and can be understood as follows. The initial Ga flux is high and constant, resulting in a large

steady-state diameter (step 1). When the Ga flux is reduced, the incorporation rate suddenly

decreases while the extraction rate remains high, consequently decreasing the seed particle

volume. This results in a reduced wetting angle and a corresponding reduction in a (Figure 6-4),

which leads to a reduced nanowire diameter (step 2). As the Ga composition in the seed

continues to decrease, the incorporation rate increases with increasing Ap'I (Equation 6-3),

while the extraction rate decreases with decreasing ApII (Equation 6-4). These rates eventually

become balanced, 8 remains constant, and a new steady-state is reached at a thinner nanowire

diameter (step 3). Upon restoration of high Ga flux, the incorporation rate suddenly increases

while the extraction rate remains low, which leads to Ga accumulation in the seed, increasing the
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seed particle volume and nanowire diameter (step 4). The increasing Ga composition in the seed

particle causes a reduction in the incorporation rate and an increase in the extraction rate until

these rates are equal, yielding a large steady-state diameter once again (step 5).
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Figure 6-7. Mechanism of GaN nanowire diameter evolution. Schematic depiction of the
mechanism of GaN nanowire diameter evolution (top) and a graph of the corresponding Ga flow,
incorporation rate, and extraction rate throughout the 5-step process (bottom). The sizes of the
green, blue, and red arrows illustrate the rates of Ga incorporation, N incorporation, and GaN
solidification, respectively. Green and blue squares connected to the arrows indicate the
supplied fluxes of Ga and NH 3, respectively. All representations, including object sizes and
graphical values, are intended to illustrate relative quantities and do not necessarily reflect actual
values proportionately.

6.3. Diameter modulation for controlled fracture

Diameter-modulated nanowires with short, thin-diameter regions could be used to promote

preferential fracture at specific points along the nanowire, which may have a variety of useful

applications including enhanced yield during transfer printing (Figure 6-8a),196,197 separation of

free-standing nanowire-templated films (Figure 6-8b), 198 and fundamental studies of the

mechanical properties of nanowires. Additionally, these structures could be used to increase the

throughput of nanowires synthesized by high-temperature batch processing techniques including

chemical vapor deposition and molecular beam epitaxy, reducing both the time to fabricate each

nanowire and the costs associated with expensive epitaxial growth substrates (Figure 6-8c). In

this case, periodic thin-diameter notches along the nanowire could be used to induce preferential

fracture and allow multiple nanowires to be grown from each individual seed. There are a

variety of nanowire applications that do not require the nanowires to be affixed epitaxially to the
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original growth substrate. In particular, there is interest in fabricating nanowire-based flexible

electronics, solar cells, displays, and sensors. 196,199-201 However, the substrates are often

incompatible with the conditions used during nanowire growth. Thus the nanowires need to be

grown on another substrate and then transferred to the flexible one. Notably, Weisse et al.

demonstrated preferential fracture in Si nanowires via pore formation.202 However, the cracks

were formed during metal-assisted etching by delamination of Ag, which produced pores in the

nanowires that often extend beyond the region of preferential fracture and can therefore have

deleterious effects on optoelectronic devices. Thus an alternative method of preferential fracture

is desired.

a bc

Figure 6-8. Applications of controlled fracture in nanowires. (a) Transfer of nanowires from

the growth substrate to a flexible substrate using a polymer mold. (b) Separation of nanowire-

templated films to produce free-standing films. (c) Multiple nanowires produced from a single

seed to increase throughput.

Using the flow-controlled diameter modulation technique developed above, we fabricated

GaN nanowires with thin-diameter notches placed periodically along the nanowire by reducing

the Ga flow during growth. Preferential fracture at thin-diameter regions was demonstrated by

bending tests in SEM using a tungsten nanomanipulator probe. The mechanism of nanowire

fracture and potential strategies controlled fracture of large-area nanowire arrays are also

discussed.

6.3.1. Producing thin-diameter notches

Thin-diameter notches were created along GaN nanowires by periodically reducing the Ga

flow during growth. Like the diameter-modulated GaN nanowires described above, these
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nanowires were grown at 835'C and 100 Torr with the flux of Ga controlled by the flow rate of

H2 through a Ga-coated quartz tube injector. An initial 30 min GaN segment with 50 sccm H2

through the injector was followed by 3 cycles each consisting of 5 min at 1 sccm H2 followed by

10 min at 50 sccm H2. The resulting nanowires had 3 thin-diameter notches separating the 4

segments (Figure 6-9). SEM and TEM images show that these nanowires have the same

anisotropic diameter changes as those described above, in which the {0001} facet remains flat

while the {1122} facets incline to accommodate diameter changes. The diameter of the notch

was 16 ± 4% thinner than the diameter of the segments. Notably, when the nanowires were

transferred to TEM grids by mechanically swiping the grid across the growth substrate, it was

difficult to find nanowires on the grid with all four segments still intact. Furthermore, thin-

diameter regions were generally visible where this fracture occurred, indicating that these

notches may serve as sites for preferential fracture.

a b C d e

low Ga 0nm00r d m 2 m
flux

Figure 6-9. Notched GaN nanowires. (a) Schematic illustration of the notched nanowires,
which contain 4 segments separated by 3 notches that were formed by reducing the Ga flux. (b)
SEM image of the array of the as-grown nanowire array. (c) SEM image of a nanowire with the

upper 3 segments intact after transfer to a Si substrate. (d) TEM image of a notched GaN

nanowire viewed along the [11-20] zone axis. (e) Magnified view of the dashed region in (d)
showing the morphology of the notch.

Based on our previous observation in section 4.2.2 that H2 reduces the growth of GaN

nanowires, we also grew notched nanowires in which we varied the carrier gas flow during notch

formation, as well as the duration of the flow. In this case, the segments were grown for 3 min

each with 50 sccm H2 through the Ga-coated injector, and the notches were grown with no Ga

flow for 3 and 5 min for both N2 and 112 carrier gas (Figure 6-10). For N2 carrier flow, the length
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of the notches increased with time, indicating that some Ga continues to be supplied when the

flow is shut off, perhaps by diffusion of Ga from the walls of the injector. For H2 carrier flow,

only very subtle notches can be seen (Figure 6-10b). Furthermore, the lengths of the segments

grown prior to these notches are significantly shorter than the other segments, which were all

grown under the same conditions. Thus it is likely that etching occurs when H2 carrier gas is

used after the Ga supply is shut off. While this is undesirable, these results do demonstrate that it

may be possible to improve the sharpness of the notch geometry by finely tuning the

composition of H2 in the carrier gas.

a b
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Figure 6-10. Notched GaN nanowire with variable carrier gas composition. (a) TEM image

of a notched GaN nanowire in which the carrier gas composition and the duration of growth was

varied between notches. (b) Magnified view of notches in (a). Scale bars represent 100 nm.

6.3.2. Preferentialfracture

To examine whether these notches can serve as sites for preferential fracture, bending tests

were performed in collaboration with Steven Boles at the Karlsruher Institute of Technology.

Analysis was performed on four notched nanowires from the growth described in Figure 6-9, as

well as four nanowires grown without diameter modulation. The nanowires were transferred

from the original growth substrate to Si substrates with a native oxide layer. These tests were

performed under SEM observation, and videos of the tests were recorded. The nanowires were

bent by pushing on the ends of the nanowires with a tungsten probe. The attractive forces

between the nanowire and the substrate were sufficient to hold the nanowires in place. All four
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diameter-modulated nanowires tested were observed to fracture preferentially at the thin-

diameter regions (Figure 6-11 a,b). The aspect ratio between the segments and the notches had

some variability between nanowires, and even notches with relatively low aspect ratios

(dnotch/dsegment > 0.9) induced preferential fracture. For the straight nanowires, two of the four

nanowires tested fractured, and the others showed significant bending without fracturing.

a b C

Figure 6-11. Bending tests of notched GaN nanowires. (a,b) SEM images of a notched GaN
nanowire before (a) and after (b) the bending test, demonstrating preferential fracture at the thin-
diameter notch. Nanowires are on a SiO,/Si substrate after being transferred from the original
growth substrate. (c) Video frame taken during bending of a straight GaN nanowire. In this
case, the nanowire was protruding from the edge of the original growth substrate.

These bending tests clearly demonstrate that thin-diameter notches provide sites where

fracture occurs preferentially, and this proof of concept warrants further investigation. First, the

underlying mechanism of preferential fracture is not entirely clear. While very sharp cracks in

materials concentrate applied stresses at the crack tip, these notches are not known to initially

contain a very sharp crack tip. Also, thinner nanowires are known to be highly flexible,2 03 so

fracture in the thinner regions is quite interesting. A likely explanation is that stress concentrates

in the thinner regions as a consequence of the lower flexibility in the wider regions, which

induces bending primarily at the notch. Eventually, this concentrated stress results in the

formation of a crack, which then propagates readily across the nanowire. Further tests with

quantitative measurements will provide insight into the mechanism and degree of stress

concentration in the notched regions. Additionally, insight into how material properties and

notch geometry affect preferential fracture will help aid in guiding the synthesis of notched

nanowires.
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Additionally, in order for this technique to be useful in applications, preferential fracture

must be able to be induced over large-area nanowire arrays. When a Si substrate was swiped

over the growth substrate, preferential fracture at the notches could be observed, but not all

notches induced fracture. For example, in Figure 6-11 a three of the four original segments are

present, and the lowest segment fractured at the notch. Also, fracture sometimes occurred away

from the notches. Many techniques have been developed to transfer nanowires from one

substrate to another,196,200,204 and some of these may also be applicable in inducing preferential

fracture. As mentioned previously, Weisse et al. induced preferential fracture in Si nanowires at

regions that were highly porous.202 In addition, they were able to effectively remove these

nanowires at the notches with high yield using multiple methods, including embedding the

nanowires in PMMA and PDMS, as well as removing the nanowires using adhesive tape.

Applying similar techniques to notched nanowires with optimized geometries could enable their

use a variety of applications.

6.4. Summary

A particle-mediated template-free approach to nanowire diameter modulation was effectively

demonstrated using both InN and GaN nanowires by varying the flow of the V and III precursor,

respectively, during nanowire growth. For InN nanowires, a reduction in the flow of the V

source (NH 3) led to segments with thicker diameters and slower growth rates. Ex situ

measurements of seed particle composition via EDS indicate that the seed particle composition

was greater during growth of segments with larger diameter. Based on these measurements, the

calculated changes in seed particle volume were found to account for the majority of the

observed changes in nanowire diameter. Here, the reduced V source flow slowed the rate of

extraction of the III element (In) out of the seed particle, which both reduced the nanowire

growth rate and led to accumulation of In within the seed particle that increased the seed particle

volume and, consequently, the nanowire diameter. For GaN nanowires, a reduction in the flow

of the III element (Ga) also produced segments with slower growth rates, but with thinner

diameters. The nanowire diameter and growth rate were continuously tuned by incremental

changes in Ga flow. Here, the reduced III flow slowed the rate of Ga incorporation into the seed.

The consequent reduction in Ga composition resulted in a slower growth rate due to the reduced

driving force for GaN formation and a thinner diameter due to the reduction in seed particle
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volume. This flow-controlled approach provides a versatile technique for producing diameter-

modulated nanowires in compound semiconductor materials, enabling new opportunities to more

optimally design complex nanowire architectures for specific device applications.

Using this approach, we were able to fabricate GaN nanowires with short, thin-diameter

notches by reducing the flow of Ga periodically during growth. Bending tests observed in situ

demonstrated that the nanowires fractured preferentially at the thin-diameter notches, which

likely occurs due to stress concentration originating from greater curvature in the thin-diameter

regions. These nanowires demonstrate a very intriguing proof of concept and open up new areas

of research including quantification of the mechanical properties of diameter-modulated

nanowires and strategies for controlled fracture of notched nanowire arrays over large areas.

These notched nanowires could potentially be used in a variety of applications, including yield

enhancement during transfer printing and increased throughput from nanowire growth.
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Chapter 7: Modeling diameter-modulated nitride nanowires

The flow-controlled diameter modulation technique developed in Chapter 6 provides a

versatile template-free tool for synthesizing diameter-modulated nanowires. However, the

potential for fabricating nanowires with arbritary diameter ratios is unclear. Furthermore, while

we focused previously on volume-driven diameter changes, there may be potential to achieve

larger diameter ratios via changes in wetting angle, which are driven by changes in the surface

energies at the vapor/liquid/solid triple-phase boundary (TPB).

To explore the potential and limitations for template-free particle-mediated nanowire

diameter modulation, we develop a theoretical approach that incorporates changes in the volume,

wetting angle, and three-dimensional morphology of the seed particle to understand and guide

nanowire diameter modulation. The model is applied to our experimental results for InN and

GaN nanowires in order to understand the origin of the diameter changes for those nanowires.

The analysis is further extended to evaluate the general potential and limitations for diameter

modulation in other materials systems. Additionally, the model is applied to evaluate the shape

of the liquid/solid interface, which has significant implications for nanowire synthesis and

understanding of fundamental nanowire growth mechanisms.

7.1. Theoretical model

Models were developed to assess nanowire diameter modulation in InN and GaN nanowires.

The methods for calculating wetting angle and modeling three-dimensional seed particle

geometry are described below. In addition, the difference between nominal input wetting angles

and actual output wetting angles in the Surface Evolver models is discussed, as well as the

impact of liquid/solid interface morphology on the Surface Evolver models.

7.1.1. Calculation of wetting angle

To model nanowire diameter modulation, the following equation was used when nanowires

were assumed to be cylindrical,

d 24 / (1+ cos(6)) 1/2

V 1 3 IT (1 - cos(#))'I'(2 + cos(,8))'(



where d is the nanowire diameter, V is the seed particle volume and f8 is the wetting angle

between the vapor/liquid and liquid/solid surfaces (Figure 7-1).90 The wetting angle was

calculated from measured values of d and V. The values of d were directly measured from TEM

images using Digital Micrograph. The values of V were calculated from EDS measurements of

the composition of the seed particle. In the case of II-V nitride nanowires synthetized using Au

seed particles, nitrogen is insoluble in Au and the III metals used,8 ~7o so only the composition of

the III element is considered when calculating the volume of the seed.

V=nAuQAu + XIH nAuQH (7-2)

Here, nAu is the number of Au atoms, Q is the atomic volume of liquid metal at the growth

temperature, 195 and xHI is the composition of the III element (In or Ga) in the seed particle.

Figure 7-1. Wetting angle of the seed particle. Diagram illustrating the relationship between

nanowire diameter (d), seed particle volume (V), and the wetting angle (fl) between the seed

particle and the nanowire.

The amount of gold (nAu) remains constant throughout growth and can be determined from
NL2

known original seed particle sizes or by a combination of TEM and EDS measurements. For

InN nanowires, Au colloids of known diameter were used, so nAu was calculated assuming the

volume of a sphere with a 60 nm diameter. Au films were used for GaN nanowires, so the

volume of gold could not be assumed. Instead, nAu was calculated assuming the following,

V = seed 3/ (7-3)
3 ( )

where A seed is the area of the seed particle measured using Image J software.

7.1.2. Surface Evolver for non-cylindrical nanowires

To model nanowire diameter modulation in InN and GaN nanowires, Surface Evolver

software was used to account for the three-dimensional geometry of the seed particle. The
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program minimizes the energy of a surface according to given constraints. The constraints

imposed here were the volume of the seed particle, shape of the nanowire cross-section (either

round, hexagonal, or triangular) and and the relative energies of the vapor/liquid (ai) and

liquid/solid (al,) interfaces. These energies correspond to a nominal wetting angle (fl) as follows.

(7-4)

The software uses a triangular mesh, which is optimized iteratively. After the shape converges

to a particular solution, the size of the mesh is decreased to improve resolution (Figure 7-2a).

The accuracy of the model is accurate, as the input wetting angle matches the measured output

wetting angle for circular cross-sections (Figure 7-2b).

a

b c 2.5

2.0-

1.5

10-

0.5-

0.0-
90 120 150

P (degrees)
180

Figure 7-2. Surface Evolver model. (a) Surface Evolver step-wise evolution, from left to right,
of a seed particle (yellow) on a nanowire with a circular cross-section (red) showing side (top)
and bottom (bottom) views. Black lines illustrate the triangular mesh. (b) Side (top) and cross-
sectional (bottom) views of Surface Evolver models for circular, hexagonal, and triangular cross-
sections with an input wetting angle (fl) of 1200, which is consistent with the measured output
wetting angle for the circular cross-section. (c) J(8) as a function of wetting angle (8) for the
nanowire cross sections described in (a). Black solid line was calculated using Equation 7-1,
whereas dashed lines were fitted to the data using quadratic functions.
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For non-cylindrical nanowires, Equation 7-1 was modified to create a generalized expression

for the relationship between d and V.

d
d/ = f(8) (7-5)

The values of dl V 1 3 were calculated between 90-180' in 10' increments using Surface Evolver

models for circular, hexagonal, and triangular cross-sections and plotted as a function of fl

(Figure 7-2c). From this plot,f() was determined empirically by fitting the data using quadratic

equations. For / > 1600, the Surface Evolver model was not as accurate due to difficulties in the

finite triangular mesh converging upon the very small diameters at such high wetting angles.

Therefore, the fit ignored values for f > 160' and logically assumed that d= 0 for /3= 180'.

7.1.3. Model accuracy

The accuracy of this approach is supported in multiple ways. First, as shown in Figure 7-3,

the actual output wetting angle (8*; measured from Surface Evolver images) for a cylindrical

cross-section was the same as the input nominal wetting angle (8; represents the ratio between

surface energies as described by Equation 7-4). Second, for non-cylindrical geometries, * > fl

at edges while 8* < at corners (Figure 7-3). This variation in contact angle around non-

cylindrical nanowires is consistent with in situ nanowire growth studies reported in literature,7 2 05

and this model accurately reproduces reported seed particle shapes in these studies (Figure 7-4).

a b480

60 -

-1500

S30 A,A Triangular
Edge Corner 3 0 oo Hexagonal
3*># #*# 0 o Circular

< 90 110 130 150
Nominal wetting angle (f3, degrees)

Figure 7-3. Actual versus nominal wetting angle. (a) Illustration of nominal wetting angle (/3;

solid gray lines) and actual wetting angle (/3*) at both the edges (dashed black lines) and corners

(dashed red lines) for a seed particle on a triangular cross-section. (b) Comparison of actual

wetting angle at edges (black) and corners (red) as measured from Surface Evolver images to

nominal wetting angle.
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- D

simulated
seed Partc

Figure 7-4. Comparison of Surface Evolver model with in situ TEM studies. (a) Si nanowire
seeded by a Au-Si seed particle (left). Simulated seed particle morphology (top right) and
corresponding cross-sectional geometry (bottom right). (b) Si nanowire seeded by a Au-Ga-Si
seed particle (left). Seed particle morphology (top right) and corresponding cross-sectional
geometry (bottom right), which is a hexagonal cross-section with an extra tilted facet at the
liquid/solid interface. The dashed lines in the micrographs if (a) and (b) indicate the simulated
boundaries of the seed particles, which are consistent with the geometry reported by the authors.
Micrographs in (a) and (b) adapted from [205] and [7], respectively.

The discrepancy between the nominal wetting angle (/8) input into the Surface Evolver model

and the actual wetting angle (f*) output by Surface Evolver is evaluated in Figure 7-5 for

triangles with different degrees of curvature. The effect of line tension was considered here

based on reported values for other materials (1 x 10-9 Jim 2 for Si)2 06 but was found to have a

minimal effect and was therefore neglected in our model. It is important to note that some values

for "corner" wetting angles reported in this work were in some cases actually measured at

inflection points (Figure 7-5a) to reflect the rounded corners that would likely be observed in real

structures. There are multiple reasons to expect that actual wetting angles at the corners would

more closely resemble the measurements at the inflection points. First, a high degree of

curvature in the liquid, as sometimes observed in Surface Evolver models near sharp corners, is

energetically unfavorable in the case of nanoscale particles used for nanowire growth. Also,

measurements at inflection points are more consistent. Figure 7-5c illustrates that, when

inflection points are observed near the corner of a sharp triangle, measurements at the inflection

points follow a clear and consistent trend, but measurements at the corner do not. As corner

curvature increases, the measurements between corner and inflection points become more
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similar, and eventually inflection points disappear (Figure 7-5d). Notably, while the real shape

of the seed may differ from the shape predicted by Surface Evolver at the corners, discrepancies

at the edges should be minimal. Because the volume of seed material near the corners is

relatively low in comparison to the total volume of the seed, minor variations in these regions

should not significantly affect the overall calculation of d/1 13 .

a 180- ! 180 ArinlaCa 8  A Edge A A CO anl

ACorner A *Tr Round A +

150 A Inflection 150 +Tr Round+ +

A*

A A.

dge 2 A-0

AC
60 -60

b C
30 - 30

AA A

M A A A A A 'A A A A A

Triangle Tri Round Tri Round+ 90 110 130 150 90 110 130 150

Nominal wetting angle (P, degrees) Nominal wetting angle (P, degrees)

Figure 7-5. Effect of nanowire corner curvature on measured wetting angle. (a) Illustration

of measurements of the contact angle of the seed particle at the edge and corner of a triangular

cross-section, as well as the inflection point on the seed particle. (b) Triangular cross-sections

with different degrees of curvature at the corners. (c) Actual wetting angle (/*) at edge, corner,

and inflection points for a triangular cross-section measured from Surface Evolver images as

described in (a) as a function of the nominal wetting angle (8) used to produce the Surface

Evolver model. Black line represents P* = 8. (d) Same as (c), except includes data from

triangular cross-sections with rounded corners illustrated in (b).

7.1.4. Liquid/solid interface morphology

Because some nanowires have been observed to have a single tilted facet at the edge of the

liquid/solid interface, as in Figure 7-4, we investigated the effect that this would have on the

validity of our Surface Evolver model. We compared the results for a flat hexagonal cross-

section with those for a hexagonal cross-section that contains one tilted facet at the edge of the

liquid/solid interface, as shown in Figure 7-6. It is apparent that there is little effect of this

additional facet on either seed morphology orj(J). Thus the presence of such a facet would have

minimal effect our calculations for diameter-modulated InN and GaN nanowires.
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Figure 7-6. Effect of extra tilted facet at liquid/solid interface edge on seed morphology. (a)
Comparison of a flat hexagonal cross-section with one that has an extra tilted facet inclined at
30'. (b) Ratio of nanowire diameter to seed particle volume as a function nominal wetting angle.
Solid black line represents Equation 7-1. Solid and dashed blue lines indicatejf() for the flat and
tilted cross-sections, respectively, which were fit empirically with quadratic equations. (c)
Comparison of actual wetting angle (/#*) at edges and corners as measured from Surface Evolver
images to nominal wetting angle (8) input into the Surface Evolver model. Black line represents
fi* =/. See Figure 7-5 for more details.

7.2. Factors affecting diameter modulation

Experimental results from diameter-modulated InN and GaN nanowires were analyzed using

the model described above. Furthermore, diameter modulation maps were constructed that

illustrate different combinations of changes in seed composition and wetting angle that can be

used to achieve specific diameter ratios. For InN nanowires, changes in nanowire diameter were

driven primarily by changes in seed particle volume. Nonetheless, somewhat larger diameter

ratios were achieved in triangular nanowires due to greater contributions from changes in wetting

angle. For GaN nanowires, diameter ratios in excess of 2 were achieved due to large changes in

seed particle volume, as well as significant contributions from changes in wetting angle.

7.2.1. InN nanowires and the role of cross-sectional geometry

Diameter-modulated InN nanowires were fabricated by the same technique described in

Chapter 6, initially flowing 300 sccm NH3 and then reducing the flow to 25 sccm NH3 to

produce an increase in diameter. The diameter in the thin (di) and thick (d2 ) regions were

measured from TEM images, while the volume (V) was calculated from EDS measurements of

seed particle composition using Equation 7-2. Based on these measurements, f(j) was calculated
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from Equation 7-5, and the nominal wetting angle (fl) was determined using Surface Evolver

(Figure 7-2b). We compared the results for [0001] c-InN and [1-100] m-InN nanowires, which

have hexagonal and triangular cross-sections, respectively. 61 Furthermore, we evaluated the

"cylindrical assumption" used in Equation 7-1 by using average measurements from c- and m-

InN nanowires and assuming a circular cross-section. The results of these calculations are

summarized in Table 7-1.

Table 7-1. Parameters for thin (di) and thick (d2) segments of diameter-
modulated InN nanowires with different cross sections.

0C1c 11r H-1exa-on1al T rian uIt IIr

u[IIt THIn IThick T hill TI k 11hin 11111hick

d Nm 74±6 99 10 74 4 96t6 75±8 105±12

xy, at.% 50±7 71±6 49 6 71 7 50 ±9 72±2

V nn 3  2.9 x 10 5  5.5 x 10 2.9 x 10 5  5.4 x 10 5  2.9 x 10 5  5.6x 105

80 121 115 127 123 128 122

() - 1.13 1.22 1.12 1.18 1.14 1.27

(V2/V1)1/ 3  - 1.24 1.24 1.25

(I#2)/f(f1) - 1.08 1.05 1.12

Furthermore, we evaluated different possible combinations of changes in diameter and

wetting angle to achieve different diameter ratios (d2/di) using the following equation:

-- -2 f 8 (7-6)
di V , AAp)

Note that the parameters (V2 /JVj )1/3 and f( 2 )/f(/1 ) correspond to the separate contributions

from changes in seed particle volume and wetting angle, respectively, to the changes in nanowire

diameter (see Figure 7-7a). To produce the diameter modulation maps in Figure 7-7b-d, we

used experimental measurements from the thin-diameter regions to determine di, V1, and J(pli).

Then, we calculated the changes in wetting angle and composition necessary to achieve

particular diameter ratios using Equation 7-6. For comparison, we plotted our experimental

results on top of the diameter modulation maps.
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Figure 7-7. Diameter modulation maps of InN nanowires with different cross-sections. (a)
Relevant parameters for diameter modulation, shown here for cylindrical nanowires (gray) and
corresponding seed particles (yellow) before (left) and after (right) diameter modulation.
Diagrams illustrate the diameter (d), volume (V), and wetting angle (fl) for both the thin (1) and
thick (2) segments. (b-d) Diameter modulation maps for circular (b), hexagonal (c), and
triangular (d) cross sections. Points on the map indicate experimentally measured values from the
thin-diameter (small symbols) and thick-diameter (large symbols) segments of InN nanowires.
Top axis indicates the change in wetting angle (Apl) from the thin to the thick segment.

The results demonstrate the importance of accounting for the cross-sectional shape of the

nanowire and the associated three-dimensional shape of the seed particle. First, while the

calculated wetting angles for the hexagonal and triangular InN nanowires were very similar (fl =

1270 and 128', respectively), the assumption of a circular geometry yielded a much lower

wetting angle (fl = 121 0). Additionally, the triangular m-InN nanowires yielded a slightly larger

average diameter ratio (d2/di = 1.40 ± 0.09) than for the hexagonal c-InN nanowires (d2/di = 1.30

± 0.06) despite both having very similar seed particle volumes and wetting angles. In both cases,

the change in diameter was driven primarily by an increase in seed particle volume (25% and

24% volume-driven diameter increase for triangular and hexagonal nanowires, respectively).
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However, the lesser but notable contribution from changes in wetting angle (12% and 5%

wetting-driven diameter increase for triangular and hexagonal nanowires, respectively) accounts

for the larger diameter ratio for the triangular versus hexagonal nanowires. This difference can

be understood from Figure 7-2b, which shows that similar changes in wetting angle produce

greater changes in diameter for triangular versus hexagonal nanowires. Notably, this effect is

most significant at smaller wetting angles. Consequently, triangular nanowires yield greater

diameter ratios for similar changes in volume and wetting angle compared to hexagonal and

circular nanowires (Figure 7-7b-d).

Changes in seed particle composition are responsible for the changes in both seed particle

volume and wetting angle. While there may be some degree of error in the ex situ measurement

of seed particle composition, we find that it would be unreasonable to attribute the diameter

changes to changes in wetting angle alone, as significant changes in seed particle composition,

and therefore volume, are necessary to produce the observed diameter changes. To illustrate

this, we compared the changes in volume alone (i.e. assuming A8 = 0) and wetting angle alone

(i.e. assuming AV = 0) that would have been necessary to produce the observed changes in

nanowire diameter. Table 7-2 shows these calculations for hexagonal InN nanowires. For the

latter assumption in which AV= 0, the required changes in wetting angle (and therefore surface

energy, o) would need to be significant despite a minimal change in composition. Therefore, it is

clear that the diameter changes were driven primarily by changes in seed particle volume.

Table 7-2. Required changes in volume and wetting angle
for observed changes in diameter of hexagonal InN
nanowires

d nm 74 4 96 6 96 96
xyn at.% 49 6 71 7 74 49
V nm3  2.9 x 10 5  5.4 x 10 5  6.3 x 10 5  2.9 x 10 5

B 0 127 123 127 107

(p) - 1.12 1.18 1.12 1.46

V2/ - 1.24 1.30 1.00

#f2)/ffil) - 1.05 1.00 1.30
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7.2.2. GaN nanowires and the role of seed particle composition

In the case of InN nanowires, the maximum observed diameter ratio was 1.5, but

significantly higher diameter ratios should be achievable by the flow-controlled diameter

modulation approach. In fact, we produced diameter ratios in excess of 2 with GaN nanowires,

which were fabricated in the same manner as those in Chapter 6. The nanowires were grown at

850'C using 1 nm Au films on [1-102] r-sapphire substrates, and diameter modulation was

achieved by reducing the Ga flux during growth, producing an average diameter ratio of 1.9 ±

0.2 between the thick and thin segments. Figure 7-8a shows a GaN nanowire with a diameter

ratio of 2.2. The diameter modulation map in Figure 7-8b was produced using Equation 7-6

based on measured values of diameter (di) and composition (XGa) from the thin-diameter region

of the GaN nanowires. Equations 7-2 and 7-5 were used to calculate V andJ(#1), respectively,

while /1 was determined using the fitting equation in Figure 7-2b for a triangular cross-section in

accordance with our previous observations.61'104

The composition of the seed was measured in the same manner as for InN nanowires,

described previously in section 6.1.2.61 However, because thin films were used instead of

colloids with known diameters, the calculation of seed particle volume was instead based upon

the measured area of the seed particle using Equation 7-3, which is a similar approach to that

reported by Wallentin et al.91 The measured composition of Ga in the thin-diameter region was

28 at.% Ga, according to ex situ EDS measurements. However, reliable measurements of the

seed particle composition were difficult to obtain for the thick-diameter regions due to the high

Ga supersaturation, which led to significant extraction of Ga from the seed during the relatively

long cooling period for GaN versus InN (growth temeratures of 850 versus 560'C, respectively)

to form GaN, instead of Ga20 3. The continued growth of GaN during cooling makes it difficult

to differentiate between Ga originally present in the seed before cooling and Ga that continued to

incorporate and promote growth during cooling. This post-growth Ga extraction was evident

from a large degree of necking at the tip of the nanowire. In the absence of reliable EDS

measurements, the composition and wetting angle of the seed particle in the thick-diameter

regions was instead extracted using the diameter modulation map in Figure 7-8b.

The greater diameter modulation in GaN versus InN nanowires was due in part to the lower

group-Ill seed composition (xIII) in the thin-diameter regions (28 at.% Ga versus 50 at.% In,

respectively). As shown in Figure 7-8c, a lower thin-diameter seed composition allows greater
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volume-driven diameter changes for the same thick-diameter seed composition. Nonetheless, to

achieve a diameter ratio of 2.2 with a constant wetting angle, the thick-diameter seed particle

composition would need to be about 93 at.% Ga. Such a high composition is unlikely because of

the significant amount of Ga that must be incorporated into the seed particle (Figure 7-8c, inset)

despite the fact that the extraction rate of Ga out of the seed particle increases as the Ga

composition increases (section 6.2).

Wetting angle change (AP, degrees)
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Figure 7-8. GaN nanowires with large diameter ratios. (a) TEM image of a GaN nanowire

with a diameter ratio of 2.2. (b) Diameter modulation map for GaN nanowires based on

measurements from thin-diameter region. Points on map indicate measured conditions in thin-

diameter region (small triangles), as well conditions in the thick-diameter region (large triangles)

for a diameter ratio of 2.2 assuming a change in wetting angle (A/I) of 0, -10, and -20'. (c)

Volume changes (V2/ Vj 1) 3 as a function of thick-diameter composition (XGa,2) for different thin-

diameter compositions (XGa,1) assuming only volume changes, without any contribution from

changes in wetting angle. Inset shows molar ratio of Ga to Au (nGa/flAu) in the seed particle as a

function of Ga composition.

To estimate the seed composition in the thick-diameter region, we calculated the required

seed particle composition for a different thick-diameter wetting angles. For a change in wetting
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angle (Af8) of -10' and -20', the required thick-diameter seed composition would be 85 and 73

at.% Ga, respectively (Figure 7-8b and Table 7-3). As shown in the inset of Figure 7-8c, nearly

5 times less total Ga is required to reach xGa = 0.93 versus XGa = 0.73, which is similar to the

thick-diameter composition for InN nanowires (xj, = 0.71). Therefore the calculated seed

particle composition is much more reasonable for significant changes in wetting. Thus the low

composition in the thin-diameter region not only allows large changes in volume with

composition but also greater changes in wetting angle due to the changes in the composition-

dependent surface energies that define it.

Table 7-3. Parameters for diameter-modulated GaN
nanowires

d nm 31.8 69.7 69.7 69.7

xyn at.% 28 ±4 93 85 73
V nm3  5.1 x 10 4  5.4 x 10 5  2.6 x 10 5  1.4 x 10 5

p8 0 139 139 129 119

(p) - 0.86 0.86 1.09 1.34

(V2/ V) 1 3  - 2.19 1.72 1.40

J(p2)/J(pi) - 1.00 1.27 1.56

7.3. Morphology of the liquid/solid interface

In this section, the model above is extended beyond diameter modulation and applied to

evaluate the liquid/solid interface morphology and surface energy. As stated previously, the

wetting angle of the seed particle depends on the surface energies of the seed particle and

nanowire. In this section, we calculate these surface energies for our InN and GaN nanowires

assuming three different potential liquid/solid interface morphologies. Although a flat

liquid/solid interface has been commonly assumed in many nanowire investigations, the force

balances are not upheld for our nanowires, and a relatively low liquid/solid interface energy is

calculated. However, when a faceted or rounded interface morphology is assumed, the forces are

in equilibrium, and the calculated liquid/solid interface energy is consistent with expected values.

Additionally, the evolution of the nanowire diameter is modeled for each interface morphology.

An accurate fit with experimental results is obtained when a faceted or rounded interface is

assumed.
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7.3.1. Potential morphologies

We consider three different liquid solid interface morphologies in our analysis (Figure 7-9).

Although the liquid/solid (u/s) interface has often been assumed to be flat with sharp corners

(Figure 7-9b),89-9' recent theoretical9 7~100 and experimental 7' 95' 96 reports have challenged this

assumption. Oh et al. performed in situ TEM analysis of growing A12 0 3 nanowires via Al seed

particles and observed a faceted interface morphology (Figure 7-9c) with atomic-scale

resolution. 96 Although those nanowires were observed to have a similar structure at each facet,

other authors performing in situ TEM nanowire growths have observed a faceted morphology at

just one facet, while the l/s interface morphology at the other facets was unclear.' 95 Some

theoretical studies have suggested that the interface morphology should be faceted ,9798 while

another has suggested that the corners should be rounded at some length scale (Figure 7-9d)

because high facet curvature should be unfavorable. 99 Therefore flat, faceted, and rounded

interface morphologies are all considered in the analysis below.

a b c d
vapor V

Figure 7-9. Surface energies and force balances at the triple-phase boundary for different

liquid/solid interface morphologies. (a) Macroscopic view of a cylindrical nanowire and seed

particle. (b-d) Models for calculating surface energies for different nanoscopic morphologies

near the vapor/liquid/solid interface, zoomed in at red box in (a): flat with a sharp corner (b),

faceted with a sharp corner (c), or inclined along a rounded corner (d). Shaded areas between the

nanowire and seed particle indicate the portions of the nanowire that are encapsulated within the

seed particle. Figures show the steady-state case in which a = 90*.

7.3.2. Force balances

It is possible to extract the l/s interfacial energy (o,) by knowing the nominal wetting angle

(f), the energies of the vapor/solid (,,) and vapor/liquid (6u1) interfaces, and the force balance at

triple-phase boundary (TPB; red box in Figure 7-9a), which depends on the morphology of the
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triple-phase boundary. The force balances for flat, faceted, and rounded interfaces are illustrated

in Figure 7-9b-d and evaluated below.

For a flat liquid/solid interface, the force balance along 1/s surface is as follows

q, = u,, cos(a)- a, cos(3) (7-7a)

where a is the inclination angle between the vapor/solid (v/s) and 1/s interfaces (Figure 7-9b).

When the diameter remains constant during steady-state growth, a = 90', and Equation 7-7a

reduces to

cis = -Y,, cos(#) (7-7b)

This condition is only met when # > 900 and vl > crs. Additionally, the force balance along the

vapor/solid interface can be written as

U,, = C,1 cos(8 - a) + a,, cos(a) (7-8a)

When a = 90', the condition is only met when clv > uvs.

o.V = au, sin(#) (7-8b)

For InN and GaN nanowires seeded by Au particles, clv < u, indicating that Equation 7-8b

cannot be satisfied. A similar criterion was developed by Nebol'sin and Shchetinin from

energetic considerations assuming a flat i/s interface, suggesting that 1.41lv, > us for stable

nanowire growth, a condition that is also not upheld here. Therefore, it is likely that the i/s

interface is not flat, contrary to the common assumption for nanowire growth models.

For the faceted interface morphology, we assume that all edges are faceted at some length

scale with an inclination angle of Of (Figure 7-9c). In this case, the force balances along the il/s

and v/s surfaces at the TPB are, respectively:

j,= U' cos(a - 0,- )u, cosW#-o,) (7-9)

o = o,, cos(,# - a) + us cos(a - ,) (7-10)

The values of Of and uls can be determined by solving Equations 7-9 and 7-10 together such that

both conditions are met.

For the rounded interface morphology, we assume that the edge of the seed particle intersects

the rounded corner at some inclination angle (0s) such that 00 < 0, 90' (Figure 7-9d). The force

balance here takes the standard form of Young's equation:

CIS = U,, + av, cos(#-0,) (7-11)
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The value of a6 s was calculated such that the minimum total surface energy for as occurs at the

measured value offi. Notably, for all conditions here, total surface energy was minimized when

Oi = 90'. However, 0, may be less than 90' as jvl approaches u.

7.3.3. Surface energies

Using the equations above, it is possible to calculate 6 1s for each of the interface

morphologies in Figure 7-9. The values of f and a, are determined from our experimental data

and literature,189,208 respectively, for our InN and GaN nanowires. The value of a, is assumed to

be independent of facet orientation. To calculate UvI, we account for the migration of low-

surface-energy elements to the liquid surface by solving the following equation

= (A+ RT -x2/3 In I' =7 + RT x nrXj (7-12)
I.09I1' V su -i 1.091N V su X1 1

where a is vapor/liquid surface energy,195 R is the gas constant, T is temperature, i is either In or

Ga, NA is Avogradro's number, V is the molar volume, 195 and x is the concentration of element

i at the liquid surface. 209 Because Equation 7-8b is not upheld, only Equation 7-7b was used to

calculate 0 ls for the flat interface, considering that perhaps the v/s force balance may not need to

be upheld since the seed is not in contact with the nanowire sidewall.

The calculated values of rs for both InN and GaN nanowires are shown in Table 7-4. For

InN, the calculated value of als/a, for liquid Au-In on solid InN for the flat, faceted, and rounded

interfaces is approximately 23%, 70%, and 66%, respectively. While there is a lack of reported

data for os/uv, for liquid In on InN, this value was determined to be about 70% for liquid Si on

solid SiC86 and 60% for liquid Ga on solid GaAs.8 5 While calculated values of a/s for the faceted

and rounded interfaces are consistent with expected values based on reported results from

elemental liquids on compound semiconductors, the values for the flat interface seem quite low.

Interestingly, the values of uls also remained relatively constant between the thin and thick

regions for both the faceted and rounded models.

Because of the similarities in calculated surface energy, we cannot distinguish between the

faceted and rounded models from this analysis. However, based on both the force balance and

calculated surface energies, our results do suggest that the 1/s interface is either faceted or

rounded, but not flat. Because Equation 7-7b requires that cvi ,> as, a condition that is rarely

upheld even in other materials systems, it is generally unlikely that a flat liquid solid interface
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would be stable. Furthermore, because similar wetting angles have been observed in other
materials with similar uvi and avs, the flat interface model would generally yield unreasonably

low values calculated value for us.

Table 7-4. Surface energies during diameter-modulated InN and GaN nanowire
growth.

c-iN in- In N In-Ga N
tHIn thick THIM Th'ick Tin)I 11h1ic

A/ - -10
0 127 123 128 122 139 119

UVS J/m 2  1.40 1.40 1.40 1.40 2.00 2.00
UVI J/m 2  0.59 0.55 0.59 0.55 0.88 0.68

Orf"t J/m 2  0.35 0.30 0.36 0.29 0.67 0.33
"acet J/m 2  0.99 0.98 1.00 0.97 1.58 1.45

Or"round J/M2 0.92 0.94 0.93 0.93 1.43 1.41

7.3.4. Nanowire diameter evolution

The mechanism of diameter modulation and l/s interface morphology were further evaluated

by modeling the evolution of nanowire growth stepwise and comparing it to experimental results

for InN nanowires. The step length (AL) was kept constant, and the extraction rate (E),
incorporation rate (1), seed composition (xiji), volume (V), wetting angle (Jl), inclination angle
(a), surface energies (a), axial position (L), diameter (d), and time (t) were all calculated for each

step (see section 3.4.2). To simplify the model, the extraction rate, incorporation rate, and
surface energy of the seed were calculated based on empirical measurements. For InN
nanowires, these values were calculated as follows

E = 2 N+ v2 _ N =mEN+bE (7-13)N2 -N) N 2 -N 1)

I2 III 2 2 III.2 i III +bI (7-14)
XIII,2 - III,1 XIII,2 - III,1

= , -j ~ < jxIII +[c ,2 tK i 2 - U XIII,2 = III + bar (7-15)
XIII,2 - III,1 ( XIII,2 - III,1

where v is the measured growth rate for the thin (1) and thick (2) regions of InN nanowires, N is

the flow rate of NH3, i represents either the vapor/liquid (vi) or liquid/solid interface (is), and
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both m and b are constants calculated from experimental measurements. Put simply, the

extraction rate was assumed to be directly dependent upon the NH 3 flux, while the incorporation

rate and seed surface energies were assumed to be dependent upon the seed composition.

For GaN, the extraction rate, incorporation rate, and surface energies were calculate as

follows

E V2 -V 1  j + +bE (7-16)
XIII,2 - III,1 XIII,2 - I, Xii' )

I= V2 H+v2 2 1 H =mH+b (7-17)
H2 -H H2 -H

i,2 + i,2 III,2 M ax1  + b (7-18)
XIII,2 - IX,1 II,2 I,1 '

where H is the flow rate of H2 through the Ga-coated quartz tube injector. Different values of m

and b here were calculated here based on measurements of GaN nanowires assuming a wetting

angle change of 200 from the thick to thin region (Figure 7-8b and Table 7-3). In this case, the

incorporation rate was assumed to be directly controlled by the Ga flux, while the extraction rate

and surface energies were assumed to be dependent upon the seed composition.

For both GaN and InN nanowires, the model was applied using each of the three 1/s interface

morphologies in Figure 7-9 assuming that the the force balance of the seed particle was upheld at

all times, and the results of the theoretical model were compared to results from actual nanowires

(Figure 7-10). For the faceted and rounded interface models, the results of the model fit well the

observed nanowire diameter evolution for both single (Figure 7-1 Oa) and multiple (Figure 7-1 Ob)

changes in NH3 flux for InN nanowires, as well as a reduction in Ga flux for GaN nanowires

(Figure 7-1Oc). However, the flat interface model produced a relatively slow diameter evolution

that provided a poor fit with experimental observations, particularly in Figure 7-10c. These

results further indicate that the i/s interface is likely not flat. While nanowires with faceted or

rounded 1/s interfaces can readily accommodate changes in seed particle volume and wetting

angle, nanowires with flat interfaces would not be able to respond as rapidly. Additionally, these

results provide strong evidence in support of the proposed diameter evolution model described in

Chapter 6.
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Figure 7-10. Evolution of III-V nitride nanowire diameter via varied precursor flux. (a-c)
Plot of nanowire diameter evolution for a triangular m-InN nanowire with a single reduction in
NH 3 flow (a), a hexagonal c-InN nanowire with multiple variations in NH 3 flow (b), and a
triangular m-GaN nanowire with a single reduction in Ga flux (c). In (c) the Ga flux was
controlled by the H2 flow through the Ga-coated injector. TEM images provide a comparison of
the model with experimental results. Images were scaled to match the diameter used in the
model. Scale bars represent 100 nm.
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7.4. Opportunities, limitations, and the role of materials selection

Based on the analysis above, general guiding principles for template-free modulation of

nanowire diameter can be developed. First, greater diameter ratios are possible for seed

materials that can promote nanowire growth over a large range of supersaturation, which results

in large changes in seed particle volume. However, as discussed previously, adding large

amounts of alloying elements into an already highly supersaturated seed particle is challenging

due to the high extraction rate of those elements out of the seed particle, limiting the upper

achievable seed composition. Consequently, achieving large diameter ratios in excess of 2

requires significant changes in wetting angle. In the case of GaN nanowires, the large variation

in seed composition produced significant changes in both seed volume and wetting angle,

resulting in diameter ratios as high as 2.2.

Using the 1/s interface models developed in section 7.3, it is possible to evaluate how seed

material selection can be used to achieve greater wetting-driven diameter ratios. According to

the flat interface model in Figure 7-9b, a large thin-diameter wetting angle resulting from a lower

ratio of Uvl/07s would make the nanowire diameter more sensitive to changes in surface energy

(Figure 7-11 a). Thus, selecting seed materials with lower surface energy (a,,) would facilitate

greater changes in nanowire diameter. However, assuming constant a,, for the faceted and

rounded interface models (Figure 7-11 b), greater reductions in cry with increasing composition of

the alloying precursor element should yield greater changes in nanowire diameter. Because the

analysis in section 7.3 indicates that the interface is likely not flat, it is therefore reasonable to

suggest that selection of seed materials with high auv that form alloys in which a,, decreases more

linearly with composition would produce greater changes in nanowire diameter. This is

consistent with the fact that changes in wetting angle had a greater contribution to the observed

diameter changes for GaN nanowires than for InN nanowires. Additionally, it is worth noting

that it may be possible to use foreign elements to alter interfacial energies.19,21 Of course other

factors must also be considered in seed material selection, including other potential effects on

nanowire structure and morphology. For example, as described in section 4.3, Ni seeds can

substantially reduce stacking fault density versus Au-seeded GaN nanowires.
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Figure 7-11. Contributions of changes in surface to changes in nanowire diameter. (a)
Changes in nanowire diameter as a function of relative surface energy for different thin-diameter
wetting angles, assuming a flat liquid/solid interface. 1(p82)/ft/h) indicates diameter ratio that
would be expected from changes in surface energy alone, without any contribution from changes
in seed volume. (b) Changes in nanowire diameter as a function of UvI for triangular InN and
GaN nanowires, assuming a faceted or rounded interface with constant 6 1s. Inset shows the
change in the surface energy of the seed particle as a function of composition for Au-In and Au-
Ga alloys, according to Equation 7-12. Dots correspond to values in thin-diameter region.

Different materials systems may require different strategies for achieving diameter

modulation. Because of the low solubility of N in the seed particle, 68 ~70 the III-V nitride system

offers a unique ability to separately tune the rates of incorporation of alloying elements into the

seed particle and extraction out of the seed particle by modulating the flux of III and V

precursors, repectively. 61 Nonetheless, while the solubility of the V element in the seed particle

may not be negligible for other 111-V materials, the III source is generally the predominant

alloying precursor," 7 so modulation of incorporation and extraction rates with precursor fluxes

should still be possible. However, for elemental nanowires such as Si, other strategies may need

to be used to achieve diameter modulation, such as adjusting the seed particle composition via

temperature.20 In some materials systems, defects such as twins may preferentially form under
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certain conditions, 92 which may place limits on the range of conditions that can be used without

diminishing material performance.

The discussion thus far has centered on liquid seed particles, but the seed remains solid in
41,65,66

many cases. Caroff et al. reported InAs/InSb axial heterostructures with a 40% greater

diameter for the InSb segment than the InAs segment, which had seed compositions of 67 and 30

at.% In, respectively. The calculated volume changes alone accounted for a 35% increase in

diameter, indicating that the diameter changes were driven primarily by changes in seed particle

volume. While continuous diameter modulation should be possible for solid solutions,

compound-forming alloys might limit the nanowire diameter to a discrete range of values.

However, in order to model the diameter modulation potential using Equation 7-6, different

models that account for changes in the three-dimensional shape of solid seed particles would be

necessary to determinefi(#).

7.5. Summary

Experimental results from diameter-modulated InN and GaN nanowires were analyzed using

a theoretical model that was developed to include the effects of changes in the volume, wetting

angle, and three-dimensional morphology of the seed particle on nanowire diameter. The

accuracy of the model was confirmed via comparison with in situ TEM studies by other authors.

The shape of the nanowire cross-section can significantly impact the dependence of nanowire

diameter on wetting angle, particularly for low wetting angles. As demonstrated with GaN

nanowires, large diameter ratios require significant changes in both the volume and wetting angle

of the seed particle. Therefore, for large diameter ratios, seed metals should be chosen that can

promote nanowire growth over a large range of nanowire composition and result in significant

reductions in seed surface energy as the composition of alloying elements in the seed increases.

The information extracted from these models allowed calculation of the liquid/solid surface

energy. The calculated surface energy was dependent upon the assumed morphology of the

liquid/solid interface near the TPB. Under the assumption of a flat interface with sharp corners,

the force balance at the TPB was not upheld, very low liquid/solid surface energies were

calculated, and the nanowire could not readily change diameter to accommodate changes in seed

particle volume and surface energy. On the other hand, both faceted and rounded TPB

morphologies allow stable seed particles at reasonable liquid/solid surface interface energies.
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Furthermore, the modeled evolution of nanowire diameter is consistent with experimental

results. While the faceted and rounded models could not be differentiated from these studies, the

models developed here can be paired with in situ TEM investigation to provide clarity into the

nanoscopic structure of the liquid/solid interface near the TPB, which has significant

implications for particle-mediated nanowires, including the fundamental growth mechanism, the

sharpness of heterointerfaces, the mechanism of twinning, and dopant incorporation.4 7

The model developed here not only explains experimental results with InN and GaN

nanowires, but also provides a general foundation for guiding the synthesis of diameter-

modulated nanowires in other materials systems. Although elemental nanowires may require

alternative diameter modulation strategies, the flow-controlled technique developed in Chapter 6

may be a feasible method of achieving nanowire diameter modulation in a variety of compound

semiconductors. In the following chapter, we evaluate the general applicability of the flow-

controlled approach by using the same diameter modulation technique with GaAs nanowires.
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Chapter 8: Diameter modulation of GaAs nanowires

The experimental demonstration of the diameter modulation technique described in Chapter

6 and the theoretical model developed in Chapter 7 provide a foundation for the fabrication of

diameter-modulated nanowires in both Ill-V nitride and other materials systems. However, as

mentioned previously, N is insoluble in Au seed particles that were used in those studies,68~70

which allowed the group III and N precursors to control the rates of III source incorporation into

the seed particle and extraction out of the seed particle, respectively. In other III-V nanowire

materials, the solubility of the V source (e.g. As, P, Sb) is generally low but not necessarily

negligible. For example, Au seed particles may hold up to 3% As.21 However, the composition

of the III elements in the seed is generally much greater than the V elements, so it is possible that

our flow-controlled approach could be applied to other compound semiconductor nanowires and

yield similar trends in diameter and growth rate with changes in the III and V flows.

To investigate the potential of the flow-controlled diameter modulation technique in other

materials systems, we varied the flux of both the III and V precursors (TMG and AsH 3,

respectively) during the growth of GaAs nanowires, which have a variety of electronic and

optoelectronic applications including high electron mobility transistors, 2 solar cells,21 3 and

214lasers. We successfully induced diameter modulation in these GaAs nanowires, and the trends

in both diameter and growth rate are consistent with those observed for InN and GaN nanowires.

Three different types of [111 ]B-oriented GaAs nanowires were obtained on the same substrate

with discrete differences in diameter and growth rate. Electron tomography shows that these

nanowires have different cross-sectional shapes, which likely stem from differences in the

composition and/or phase of the seed particle. By varying the nanowire diameter, substrate

orientation, and growth conditions, nanowires of each type were preferentially obtained.

8.1. Diameter modulation with both the III & V sources

Diameter modulation along GaAs nanowires was achieved by varying the flux of both III and

V precursors during growth. Consistent with the previous results for InN nanowires, a reduced

V flux produced segments with wider diameters and slower growth rates. An increased III flux

also produced segments with wider diameters, but with faster growth rates, consistent with the

previous results for GaN nanowires. Furthermore, larger diameter ratios were achieved by



varying the flux of both the III and V precursors during growth. Some limitations in the

allowable III and V fluxes were observed, such that excessively high V/III ratios induced shell

formation on some nanowires, while excessively low V/III ratios yielded a high density of

twinning defects.

8.1.1. Diameter modulation with the III & V sources

The GaAs nanowires were synthesized using a cold-walled horizontal-flow MOCVD reactor

(see section 3.2) at 420'C and atmospheric pressure. Gold colloids (90 urn) were deposited onto

(111 )B GaAs substrates, which were then heated under H2 (15 slpm) and AsH 3 (3.4 sccm) flow.

Growth was initiated by the introduction of TMG (0.36 sccm) at a V/III ratio of 9.5. Diameter

modulation was achieved by varying the flux of the III and V precursors during growth.

To examine the applicability of the flow-controlled approach developed in Chapter 6 to Au-

seeded GaAs nanowires, we varied the flux of the V and III precursors in separate growths.

First, an initial 3-min segment at standard AsH3 and TMG flows (3.4 sccm AsH3 and 0.36 sccm

TMG) was followed by three 1-min segments with 1.1, 3.4, and 0.7 sccm AsH3, respectively.

Consistent with the results for InN nanowires in section 6.1, a reduction in V flow produced

segments with wider diameters and slower growth rates (Figure 8-la). In the next growth, an

initial 3-min segment with standard flows (3.4 sccm AsH 3 and 0.36 sccm TMG) was followed by

three 1-min segments with 1.1, 0.36, and 1.8 sccm TMG, respectively. As with the GaN

nanowires section 6.2, an increased III flux yielded segments with wider diameters and faster

growth rates (Figure 8-1 b). Because the diameter changes in these nanowires are relatively small

(<25%), the SEM images in Figure 8-1 have been stretched in the radial direction to help

visualize the diameter expansion. These results confirm that the flow-controlled approached

developed for Ill-V nitride nanowires is applicable in other particle-mediated compound

semiconductor nanowires. While the solubility of As in Au is not necessarily negligible, Ga is

still the predominant alloying element in Au. 17,211,215 Thus the same trends in diameter and

growth rate are observed with GaAs nanowires as with InN and GaN nanowires, because the III

and V sources can still be used to alter the rates of III source incorporation into and extraction

out of the seed particle, respectively.
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Figure 8-1. Diameter-modulated GaAs nanowires. (a,b) Precursor flow rates (top) and SEM
images (bottom) of corresponding SEM images of GaAs nanowires with diameter modulations
produced via changes in AsH3 (a) and TMG (b) flow during growth. One axis of the lower SEM
images is stretched to help visualize the changes in diameter. (c) Diameter (d) and growth rate
(v) of different segments of individual nanowires as a result of decreasing the V flow and
increasing the III flow for the growths in (a) and (b), respectively. The schematic illustrates the
measurement of segment diameter and growth rate. Scale bars represent 1 pim.

Notably, we did attempt to measure the ex situ seed particle composition in order to assess

the relative contributions from changes in both volume and wetting angle. However, reliable

measurements could not be obtained. Whether cooled with or without AsH 3 flow, the measured

composition of both Ga and As in the Au seed was generally <1%.

To achieve larger diameter modulation, we varied both the III and V precursors in the same

growth. In this case an initial 2 min segment at 3.4 sccm AsH3 and 0.36 sccm TMG was

followed by a segment with reduced AsH3 flow (0.7 sccm AsH3 and 0.36 sccm TMG for 2 min),

then another with reduced TMG flow while maintaining the low AsH 3 (0.7 sccm AsH 3 and 0.07

sccm TMG for 2 min). The resulting nanowires are shown in Figure 8-2. Again, the trends in

diameter (d) and growth rate (v) are consistent with expectations (Figure 8-2c). Furthermore,

while the diameter ratio between the first and second segments by reducing the AsH3 flow (d2/di
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= 1.24 ± 0.07) was similar to that obtained previously (d4/d3 = 1.25 ± 0.09 in Figure 8-la), the
diameter ratio between the second and third segments was significantly greater (d2/d 3 = 1.50 ±
0.13), indicating that variations in both the V and III flows can be used to achieve greater
diameter ratios between different segments.
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Figure 8-2. Diameter-modulated GaAs nanowires with V and III variation in a single
growth. (a) Precursor flow rates during growth. (b) SEM image of a corresponding GaAs
nanowires on the growth substrate at a 450 viewing angle. (c) Diameter (d) and growth rate (v) of
each segment, as indicated in (b). Scale bar represents 200 nm.

8.1.2. The role of the III & V sources in nanowire growth

These diameter-modulated GaAs nanowires not only demonstrate the universality of the
flow-controlled approach to diameter modulation for particle-mediated compound semiconductor
nanowires, but also highlight the importance of the fluxes of both the III and V precursors during
nanowire growth. Authors commonly report the V/III ratio as an important parameter in
nanowire growth. For example, changes in the V/III ratio have been attributed to differences in
tapering3,216 and the density of stacking defects.92 In fact, a high density of twins was observed
here when a V/III ratio <1 was used (Figure 8-3a), consistent with observations by Joyce et al.
that the density of twin-plane defects in GaAs nanowires increases as the V/III ratio decreases. 1 3

In the growth shown in Figure 8-la, a V/III ratio of 2 was obtained by decreasing the V flux, and
no twins were observed within that segment. On the other hand, when a V/III ratio of 2 was
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obtained by increasing the III flux (Figure 8-la), some nanowires were found to contain twins
within that segment (Figure 8-3b). Thus both the relative and absolute flows of precursors are
important in controlling the nanowire structure. Notably, while defects may be introduced under
certain conditions, the results shown in Figure 8-2 demonstrate that it is possible to achieve
significant diameter modulation within a relatively narrow range of V/III ratios by changing the
fluxes of both III and V precursors.

a b

Figure 8-3. Defects resulting from low V/IlI ratios. (a) SEM (left) and TEM (right) images of
GaAs nanowires with segments grown with a V/III ratio <1. White boxes indicate these
segments, which have a high density of twinning defects, and the inset shows a magnified view
of the segment indicated by the solid white line. (b) TEM image of a GaAs nanowire grown
with of V/III ratio of 2 by increasing the III flow. Contrast along nanowires in both TEM images
originates from twinning defects. All scale bars represent 200 nm.

The absolute flows of both the III and V precursors were shown here to each have a
significant effect on both the nanowire diameter and the growth rate, rather than one precursor
being limiting and dictating nanowire kinetics. The nanowires in Figure 8-1 were grown using
the same sequence of V/III ratios, but the V/III ratio was decreased in one growth by a reduction
in V flow (Figure 8-la) and, in the other, by an increase in III flow (Figure 8-1 b), resulting in a
decreased versus increased growth rate, respectively. Additionally, the first and third segments
in Figure 8-2 were grown using the same V/III ratio, but a five-fold reduction in the flow of both
precursors resulted in a 17 ± 6% decrease in diameter and an 83 ± 1% decrease in growth rate.
These results demonstrate that the absolute flows of both the III and V precursors have a
significant effect on growth kinetics, and the V/IlI ratio cannot be considered independently of
the absolute source fluxes. Thus both absolute and relative precursor flows must be considered

in the growth, optimization, and diameter modulation of III-V nanowires.
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8.2. Variations between different nanowires

It is important to note that the nanowires described above represent just one type of nanowire

observed during the growth of diameter-modulated GaAs nanowires. In fact, three different

types of [111]B-oriented nanowires showed distinct differences in diameter modulation

behavior. In this section, the structure, morphology and growth kinetics of each of these

nanowires are discussed and compared. Three-dimensional reconstructions of a nanowire of

each type were generated using electron tomography, and cross-sections were extracted along

each nanowire to assess the cross-sectional shape and evolution during diameter modulation.

Differences in diameter modulation, growth rate, and cross-sectional shape between the different

nanowires suggest that differences in seed particle composition and phase are largely responsible

for the differences in nanowire diameter modulation.

8.2.1. Nanowire types

The diameter-modulated GaAs nanowires described above were grown on GaAs (11 1)B

substrates and grew preferentially in the vertical [111 ]B direction, consistent with results from

other authors.1 3,217 However, in this case, three different types of nanowires with distinct

differences in nanowire morphology were observed to grow vertically from the (11 1)B substrate.

Sample nanowires of each type from the same growth as in Figure 8-la are shown in Figure 8-4.

Here, the wide-diameter segments were produced by reductions in the V flow rate. Type A

("DM") nanowires have moderate diameter ratios (dthick/dthin 1.25 ± 0.09) and grow at a

relatively slow growth rate (Figure 8-4a). Type B ("straight") nanowires show no observable

diameter modulation and grow at a relatively fast growth rate (Figure 8-4b). Type C ("kinked

DM") nanowires have large diameter ratios (dhick/dthin = 1.94 ± 0.36), grow at a similar rate to the

straight nanowires, and produce kinks during each change in flow (Figure 8-4c). Changes in the

V flux produced the same trends in diameter and growth rate for both Type A and C nanowires.

The diameter modulation and growth rate behavior for each of these three types is summarized in

Figure 8-4d. It is important to note that the nanowires described in Figure 8-1 and Figure 8-2

represent only the Type A DM nanowires. We also note that some nanowires grew non-

vertically and/or were highly kinked, but only vertical [111]B nanowires are considered in the

following discussion.

144



C

d T IV TV 11V
dj

1 2 3 4 1.5

200 a -- ----

E150 1.0

100 .E IK1\ 0.5 .

S502

Type A -0- Type B - TypeC -

0 1'2'3'41 '2'3' 4121 31 4 0.0
Segment

Figure 8-4. Variable diameter modulation between different GaAs nanowires. (a-c) SEM

images (top) and TEM images with corresponding diffraction patterns (bottom) for Type A DM

(a), Type B straight (b), and Type C kinked DM (c) nanowires. The SEM images show as-grown

nanowires viewed at a 450 inclination angle (left), nanowires after transfer to TEM grids (center),

and magnified views (right) of the regions indicated by dashed white lines. (d) Diameter (d) and

growth rate (v) of specific nanowire segments. Schematic indicates the measurement of segment

diameter and growth rate, as well as the flow rate during each segment (T V, I V, and II V

correspond to 3.4, 1.1, and 0.7 sccm AsH3, respectively). Scale bars represent 500 nm.

Of [11 ]B-oriented nanowires, only Type A, B, and C nanowires were observed, with the

exception of some highly kinked nanowires. Notably, no difference in the relative nanowire

density or inter-nanowire spacing between different nanowire types was observed. Thus, the

observed differences in diameter modulation upon each reduction in AsH3 flow were not based

on fluctuations in local conditions near the nanowires, but must have instead been based upon
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fundamental differences between each type of nanowire. Notably, the Type A nanowires grew

relatively slowly even during the first segment before any change in AsH 3 flux. Thus, we

suspect that the nanowire type is determined during nucleation. Furthermore, because the

nanowires grow in the same [111 ]B direction, there must be inherent differences in the seed

particle and/or cross-sectional shape that explain the observed differences in behavior.

Differences in seed particle composition and/or phase would affect the surface energy and

supersaturation of the seed,21 while differences in faceting could affect adatom diffusion.218

8.2.2. Cross-sectional shape for different nanowire types

To probe the cross-sectional shape and its evolution during diameter modulation, electron

tomography was performed on a nanowire of each type to produce a three-dimensional

reconstruction of each nanowire from which the cross-sectional shape could be extracted (Figure

8-5). Electron tomography analysis was performed in collaboration with Georg Haberfehlner at

CEA-Leti. The cross-section of the Type A DM nanowire has a hexagonal shape with six facets

that are maintained throughout diameter evolution, although the relative length of each facet

varies (Figure 8-5a). On the other hand, the Type B straight nanowire has a truncated hexagonal

shape, and a hexagonal cross-section is restored at the very tip of the nanowire upon cooling

(Figure 8-5b). The Type C kinked DM nanowire also has a unique cross-sectional shape, and the

diameter expansion in the kinked DM nanowires is asymmetric, as the cross-section expands

preferentially in specific directions (Figure 8-5c). The geometry and faceting of these facets

cross-sections are analyzed in detail below.

To further assess the cross-sectional morphology and index the facets of the cross-sections

captured via tomography, we performed EDS linescans at different positions along nanowires of

each type (Figure 8-6).** To provide a basis for indexing the crystallographic orientation of

facets, each nanowire was oriented along the [110] zone axis during linescan acquisition. The

Ga signals from these linescans were fit using four different models, where applicable: (1)

hexagonal cross-section with {110} facets, (2) hexagonal cross-section with {112} facets, (3)

projections of the cross-sections obtained via tomography with defined {110} facets, and (4)

§ In addition to the tomography results, EDS linescans of multiple Type 1 nanowires indicate well-defined facets

throughout the nanowires.
** These nanowires were not the exact same nanowires usedfor tomography, but the general shape of the cross-

section should be similar for different nanowires of the same type.
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cross-sectional projections with defined { 112} facets. For the hexagonal cross-sections, the
angle between each facet was fixed at 120', but the relative length of each facet was allowed to
vary. For the tomography cross-sections, the cross-sections were rotated such that (1) the
projection intensity provided a good fit with the EDS linescan intensity, and (2) the orientation of
reference facets (Figure 8-5) corresponded to { 110 } or {112} facets (see section 3.4.1).tf The

{ 1 1} and { 112} facets were chosen based on commonly observed facets in [11 1]B-oriented III-
V nanowires. 92,186,219-224

a

b

Type A Type B Type C
DM straight kinked DM

Figure 8-5. Cross-section-dependent diameter modulation. (a-c) Tomography reconstructions
(left) rotated by 90' with respect to one another and cross-sections (right) extracted from 3
positions along each nanowire for a Type A DM (a), Type B straight (b), and Type C kinked (c)
nanowire. The positions of the cross-sectional slices along the nanowires are indicated by dashed
black lines. Orange lines indicate reference facets used for EDS. Scale bars equal 100 nm.

For all nanowire types, linescans near the base of the nanowire indicate a hexagonal cross-

section with well-defined { 112} facets (Figure 8-6), which is the most commonly observed facet

orientation for Au-seeded GaAs nanowires.92,219,221,222,224 Linescans at multiple positions along

the Type A DM nanowire indicate retention of this well-defined cross-section, although with a

shift in the relative lengths of different facets (Figure 8-6a and Figure 8-7a). The {112} model

matches very well with the EDS profile, and the difference between the {112} tomography

projection and the EDS profile can be attributed to differences in the lengths of particular facets.

For the tomography cross-section, there are 6 different configurations separated by 60' rotations in which the
well-definedfacets correspond to {112} facets, as well as 6 configurations that correspond to {10} facets. For a
given facet type, the configuration which best corresponded to the observed EDS profile was chosen.
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Figure 8-6. Cross-section evolution. (a-c) STEM images (top), corresponding SAD patterns

(top left), and EDS linescan profiles (bottom) for Type A DM (a), Type B straight (b), and Type

C kinked DM (c) nanowires. Linescan positions are indicated by red, orange, and yellow dashed

lines. In (b,c), the locations of the first linescan are taken from the base region of the nanowire

to the left of the STEM images, as indicated by the red arrows. The color the Ga signal in each

EDS profile corresponds the color indicated on the STEM image. The insets show modeled

hexagonal cross-sections (outline) and tomography cross-sections from Figure 8-5 (filled) with

corresponding linescans indicated by solid and dashed lines, respectively. Profiles assuming

{ 110} and (112} facets are indicated by red and blue, respectively. The numbers indicate the R

value for each cross-section. Best fits are indicated in bold. Scale bars represent 500 nm.
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Figure 8-7. Facet orientation. (a-c) Tomography reconstructions (left) and cross-sectional slices

with facet indices (right) for a Type A DM (a), Type B straight (b), and Type C kinked (c)

nanowire. The cross-sections, line color (orange and yellow), and orientation (i.e. [I 10] vertical)

correspond to those used in Figure 8-6. Scale bars represent 100 nm.

For the Type B straight nanowire, tomography results in Figure 8-5b show that the cross-

section goes from truncated hexagonal near the tip of the nanowire (corresponding to low V

flow) to hexagonal directly below the seed (corresponding to the end of growth and cooling).

For the truncated cross-section, the hexagonal models for the EDS profile do not necessarily

reflect the actual facets of the real cross-section (Figure 8-6b, center). In fact, while the { 112}

hexagonal model provides a better fit than the { 11 0} hexagonal model, the { 110 } tomography

projection provides a better fit than the { 112} tomography projection. In this case, the overall

shape of the {1 10} tomography projection is qualitatively more similar to the { 112} hexagonal

model than the { 1l0} hexagonal model. Because the facets clearly start out as { 112} at the base

of the nanowire (Figure 8-6b, left), this analysis indicates that the cross-section evolves during

growth such that the defined facets in the truncated cross-section are { 110}, which then become

more defined after the TMG flow is cut off at the end of growth (Figure 8-7b). However,

because of the high degree of rounding in the hexagonal cross-section at the tip of the nanowire

(Figure 8-6b, right), tomography projections with {1 10} and { 112} facets both provide a very

similar fit to the EDS linescan profile. It is therefore difficult to unequivocally claim that the

facets of Type B nanowires evolve from { 112} to { 110} during growth, although the EDS

analysis of the truncated cross-section does support that notion. Furthermore, Tambe et al.

reported GaAs nanowires with multiple { 1121 and { 110} facets, yielding a cross-section similar

149



to the truncated shape observed here.2 25 Those results also suggest that the predominant facets in

the truncated tomography cross-section are {110}. Regardless, even with {112}-type facets

present, the unique truncated hexagonal shape of the cross-section differentiates Type B straight

nanowires from the others. Notably, EDS linescans across Type B nanowires grown without any

changes in precursor flow during growth show the same trends as these linescans here (Figure

8-8), indicating that the truncated hexagonal cross-section is inherent to these nanowires and is

not a consequence of changes in precursors flows.
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Figure 8-8. Type B straight nanowires with no change in AsH3 flow. (a) STEM image (right)

and corresponding SAD pattern (right) of a Type B straight nanowire grown with no change in

AsH 3. (b-d) EDS linescan profiles at the base (b), near the tip (c), and just below the seed (d).

The red, orange, and yellow profiles correspond to the linescans indicated by dashed lines in the

STEM image. The gray profiles were taken from the nanowire in Figure 8-6b. The red arrow

indicates that the linescan in (b) was taken at the base of the nanowire. Scale bar represents 500

nm.

The models of the EDS linescans along the Type C nanowire allow more facile indexing of

the facets obtained via tomography. The actual cross-sectional shapes and the theoretical models

for { 112}-type facets match are qualitatively similar and provide a reasonable fit with the EDS

profile (Figure 8-6c). Thus it is clear that the diameter expands and contracts by elongation and

shortening, respectively, of {112} -type facets (Figure 8-7c).

8.2.3. Origin of differences in cross-sectional shape

While the tomography and EDS results indicate distinct differences in the cross-sectional

shape and evolution between the different types of [1 l ]B-oriented GaAs nanowires, the
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underlying origin of these differences is less clear. Differences in cross-sectional shape could

potentially arise from disparities in the presence of stacking defects or the composition of the

seed particle. Stacking defects are an unlikely explanation for these results, because differences

in cross-sectional shape and growth rate are present prior to any change in flow, and no twins

were observed in this region. In fact, twins were rarely observed at all in these nanowires except

occasionally at the beginning of kinks in Type C kinked DM nanowires. Furthermore, the fact

that each individual nanowire displays the same of behavior (i.e. only Type A, B, or C) during all

changes in flow indicates discrete differences between the seed particles.

Therefore, these results suggest the different nanowire types are driven by differences in seed

particle composition and/or phase. In fact, in the absence of variations in seed composition

and/or phase between nanowires, it seems unlikely that different nanowires would maintain such

discrete differences in cross-sectional shape, diameter, and growth rate throughout growth. The

steady-state seed particle composition is affected by the chemical potential of precursors in

different phases (i.e. Pu, Ps, and p, for the vapor/adatom, seed, and nanowire phases; Figure

8-9a,b). 60,6' While variations in the local supply (e.g. as a result of variations in inter-nanowire

spacing) of precursors can lead to differences in the local Ap, these have been shown to produce

a continuous spectrum of nanowire growth rates, rather than discrete differences. Differences

in Ap, are minimal, because all types grow in the [I 1I]B direction and initially have well-

defined { 112} facets. While the facet structure evolves differently for each nanowire type,

affecting facet surface energy (avs; Figure 8-9a,b) differences in growth rate are observed even in

the initial base region where the facet structure is similar. Furthermore, the nanowire facets can

readily evolve during growth to minimize total energy, 61,89,92 so there must be a driving force for

maintaining these differences in cross-sectional shape. Because differences in the vapor,

adatom, and nanowire phases cannot explain the observed results, there must be discrete

differences in the seed particle phase affecting us and therefore the growth rate and diameter.

At 420'C, bulk Au-Ga alloys are only fully liquid between 22-40% Ga and greater than 84%

Ga (Figure 8-9c),'159 and the presence of As raises the temperature of the liquidus, 226 So it is

possible that the seeds of some nanowires may be liquid while others may be solid. Differences

in cross-sectional shape have been observed in the growth of solid-seeded versus liquid-seeded

Ge nanowires, and Au-seeded GaAs nanowires have been reported to grow from both liquid21'

and solid65 Au alloys in different studies. Even to reach the liquidus, the seed particle must first
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undergo a phase transitions from solid Au to solid Au7Ga2 to liquid Au-Ga.159 For solid Au

seeds, there may be differences in the composition of the intermetallic alloy, which could explain

differences in growth rates and diameter changes between different nanowire types. As

discussed earlier for Au-seeded versus Ni-seeded GaN nanowires, differences in interfacial

energies and the chemical potential of III and V elements in different seed. particles can

significantly affect growth kinetics (Figure 8-9a,b).
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Figure 8-9. Parameters affecting GaAs nanowire growth. (a,b) Surface energies (o) and

chemical potentials (p) for the vapor (v), seed (s), substrate (S), and nanowire (n) phases before

(a) and after (b) nanowire nucleation. The wetting angle (fl) is determined by the surface

energies. (c) Binary Au-Ga phase diagram between 400-500'C, adapted from [159]. The P and

L phases correspond to Au7 Ga2 and liquid, respectively, while a' is another solid phase. Red

dashed lines correspond to 420'C and 480'C.

Interestingly, there is initially no significant difference in diameter between the three types of

nanowires prior to diameter modulation (Figure 8-4d) despite the high likelihood of differences

in seed composition and/or phase, which would affect both the volume and wetting behavior of

the seed particle. Therefore, the compositional differences may be small and/or the three-

dimensional shape of the seed particle varies between the different nanowire types. Even with

small differences in composition, the seed may remain either a liquid or in a particular solid

phase due to the energy barrier in nucleating a new solid phase. As noted above, the seed

particle has to go through phase transitions prior to reaching the liquidus. Also, multiple solid
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228phase transitions have been observed in Ni-Ga alloys prior to GaN nucleation. Here, it is

possible that some seeds nucleate GaAs nanowires in one phase, while other seeds do not

nucleate them until another phase has formed. Then, after nanowire formation, there may be a

larger barrier to seed phase transitions due to the formation of a stable interface between the seed

and nanowire. In fact, Adhikari et al. observed that liquid AuGe alloys could remain liquid

when the temperature was reduced well below the bulk eutectic temperature, indicating some

seed particle hysteresis may be present." 2 Due to the high surface-to-volume ratio of the seed

particles and the energy penalty associated with creating interfaces, phase changes are likely to

occur throughout the entire nanoparticle. Seed particle hysteresis may therefore allow certain

phases to exist over a large range of composition. For example, at 420'C in the bulk Au-Ga

phase diagram, the liquid phase is present at least to some extent between 14-50% Ga, as well as

between 67-100% Ga. Furthermore, it is possible that changes in the wetting and shape of the

seed particle may contribute significantly to the observed diameter changes such that significant

diameter changes occur for relative small changes in seed particle composition. For example, As

has a very low surface energy (~0. 14 J m-2 at 4200 C), 229 and low-energy elements tend to migrate

to the surface to reduce surface energy, 209 so small changes in the As concentration could

significantly affect the surface energy of the seed particle.229

The shape of the liquid/solid interface may also vary between nanowires of different types.

For example, an inclined facet similar to those observed in Ge, Si, and GaP nanowires may be

present at the triple-phase boundary, 95 101 and the orientation of this facet may vary between

different nanowires, which could affect the incorporation of As and the growth rate of the

nanowires. It is possible that this effect could be present as a consequence of differences in seed

particle phase.

8.3. Control of nanowire type

As stated above, each individual [11 1]B nanowire distinctly displayed only Type A, B, or C

behavior throughout all changes in V flow. Because no individual nanowire was observed to

contain segments with different behavior, there must be fundamental differences between each of

the three types. In fact, differences in the cross-sectional shape were observed between

nanowires of different types. Furthermore, differences in the behavior of nanowires of different

nanowire types are present prior to variations in precursor flows, including the growth rate. Thus
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the nanowire type is presumably determined during nucleation and can therefore be controlled by

varying parameters that affect nucleation.

Here, we vary the diameter, substrate orientation, and growth conditions, including V/III

ratio during nucleation, pre-growth annealing, and nucleation temperature. Nanowires of each

type could be preferentially obtained under different conditions. Type B straight nanowires were

preferentially obtained by using 30-60 nm Au colloids and, for 90 nm colloids, by nucleating the

nanowires at a higher temperature. Type A DM nanowires were preferentially obtained by using

(11 1)A substrates. Type C nanowires were preferentially obtained by eliminating the pre-growth

annealing procedure and nucleating at a high V/III ratio.

8.3.1. Diameter dependence

The size of the seed particle can have a significant effect on the initial formation of the

nanowire because of the high surface-to-volume ratio of the nanoparticles. In fact, authors have

observed that nanowires with different diameters sometimes grow preferentially in different

directions. 10,106,230 To investigate the effect of diameter on nanowire type, Au colloids with

different diameters between 10-200 nm were dispersed on separate GaAs (111 )B substrates.

Figure 8-10 shows nanowires grown with different sizes of Au colloids grown in two

separate growths. Colloids with 200, 90, and 30 nm diameters were used in one growth (Figure

8-10a-e), while 90, 60, and 10 nm diameters were used in another (Figure 8-10f-j). The fraction

of vertical [11 1]B nanowires (including Type A, B, and C nanowires) increases as the colloid

diameter decreases from 200 to 90 nm (Figure 8-10d,i), then decreases as the colloid diameter

drops below 60 nm. For 60 nm Au colloids, the fraction nanowires that are vertical [111]B

exceeds 99%. For colloids >60 nm, the fraction of vertical [111]B nanowires is limited by

kinking, which increases as the diameter increases, consistent with reports by other

authors. 127,23,23 1 For colloids <60 nm, nearly all nanowires grow straight, but some grow

preferentially in non-[1 1]B (i.e. non-vertical) directions. At 30 rn, the fraction of vertical

[111 ]B nanowires still exceeds 90%, but a much more significant amount of non-vertical growth

is evident at 10 nm. Unfortunately, quantification of the results for 10 nm Au colloids was

challenging due to limited SEM resolution at such thin diameters, the high density of nanowires,

and significant nanowire bending (Figure 8-1 Oh). Nonetheless, increased non-vertical growth is

readily apparent. Other authors have reported a significant change in the preferential growth
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direction below a particular nanowire diameter, 10,106,230 which is likely driven by the changes in

surface-to-volume ratio, as well as the relative surface area of different seed particle and

nanowire interfaces.
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Figure 8-10. Diameter dependence of nanowire type. (a-e) GaAs nanowires grown using 200

(a), 90 (b), and 30 (c) nm Au colloids and their corresponding orientation (d) and growth rate (e).

(f-j) Another growth using 90 (f), 60 (g), and 10 (h) nm Au colloids and the corresponding

nanowire orientation (i) and growth rate (j). All SEM images are at 450 viewing angles. The

histograms (d,i) indicate the fraction of nanowires that are Type A DM (red), Type B straight

(orange), and Type C kinked DM (yellow), as well as other nanowires ("o"; gray) that are either

highly kinked or non-[ 111 ]B. The growth rate plots (ej) show the nanowire growth rate as a

function of colloid diameter for both Type A (red) and Type B (orange) nanowires. Data for 10

nm nanowires is not included because of difficulties in obtaining accurate measurements from

SEM images. All scale bars represent 1 um.

Only the 90 nm Au colloids produced Type A DM and Type C kinked DM nanowires. For

all other colloid sizes, nearly all vertical [111 ]B nanowires were Type B straight ones. While the

size of the Au colloids and the inter-nanowire spacing varied for different colloid sizes and can

affect growth kinetics, the growth rate of nanowires with different diameters was relatively

constant (Figure 8-10ej), indicating reaction-limited growth with minimal effect of inter-

nanowire spacing. Thus it can be concluded that the difference in diameter modulation

originates from the difference in colloid diameter. As further evidence, the only exception in
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which Type A or C nanowires were observed with non-90-nm Au colloids was for 60 nm

colloids in which some thick nanowires (resulting from colloid aggregation) were Type C kinked

DM.

At relatively thin diameters (30-60 nm), the strong preference for Type B straight nanowires

could be a consequence of a greater preference for a certain seed particle phase. The surface-to-

volume ratio increases as seed volume decreases, which would lead to a greater preference for a

phase with low surface energy at the vapor/liquid and/or liquid/solid interface (see Figure

8-9a,b). In fact, a low liquid/solid surface energy for the Type B nanowires would be consistent

with the fact that they grow relatively fast compared to the other nanowires (Figure 8-10e,j), as

was the case for Ni-seeded versus Au-seeded GaN nanowires (section 4.3).

For the 200 nm Au colloids, the lack of diameter-modulated nanowires (Types A and C) may

originate from greater instabilities at larger diameters. Highly kinked nanowires are common

with the 200 nm Au colloids, and the seed particles often break up into many smaller particles

and produce a high density of thin nanowires. A very similar observation was made for InP

nanowires with very large diameters.127 It is possible that changes in flow induce instabilities in

these nanowires that cause kinking, rather than diameter modulation. Also, the relatively large

seed volume may allow multiple solid phases to be present, which could explain both the high

degree of kinking and the separation of the seed into multiple particles. While the nucleation of

a new phase within the seed generally results in a phase change for the entire particle, it is

possible that multiple phases may coexist in larger particles. This could initially result in the

production of many small seed particles formed by phase segregationT prior to nanowire

nucleation and then the generation of kinks after nucleation.

8.3.2. Substrate dependence

As demonstrated previously with GaN and InN nanowires, the orientation of the substrate

can have a significant impact on the orientation of the nanowires that grow from it. Here, we

compare the growth of nanowires on (111 )A and (111 )B GaAs substrates, which are Ga-

terminated and As-terminated, respectively, and have been shown to affect nanowire orientation

* It makes the most sense that these would be small liquid droplets forming before reaching the first liquidus (-12-
21% Ga), because GaAs nanowires are less likely to have nucleated. A reduction in total surface energy could
make separation energetically favorable. Additionally, these liquid droplets would be somewhat mobile and could
randomly diffuse away from the larger particle.
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in studies by other authors.223 For both substrates, 90 nm Au colloids were used. In this growth,

the nanowires were first grown under a low V/IlI ratio, and diameter modulation was achieved

by increasing the V flow, then decreasing it, then increasing it again. The plan-view SEM image

in Figure 8-11 a shows that the nanowires on the (111 )A substrate grew preferentially in three

directions at 1200 angles relative to one another, indicating [11 I]B-oriented growth, which was

confirmed by SAD (Figure 8-11 e).232  On (11 I)B GaAs substrates, nanowires also grow

preferentially in the [111]B direction, which is instead vertically oriented from the substrate

(Figure 8-11 b).

The substrate was found to have a significant impact on diameter modulation. While (111 )B

substrates produced mostly Type B straight nanowires, (11 1)A substrates produced mostly Type

A DM nanowires (Figure 8-11 c). Figure 8-11 d compares the diameters and growth rates of Type

A DM nanowires on (11 I)A and (11 1)B substrates. The extent of the diameter modulation

resulting from a reduction in AsH 3 flow was greater for (11 1)A versus (11 1)B substrates (1.30

0.10 versus 1.19 0.03, respectively).

The nanowires on the (11 )A substrates were concluded to be Type A DM based on the

extent of their diameter modulation and lack of kinking, but the growth rates are also an

important consideration. Interestingly, there seemed to actually be two groups of Type A DM

nanowires on (111 )A substrates with different diameter ratios and growth rates. The nanowires

that grew slower had diameter ratios of 1.15 ± 0.05 and growth rates of 1.04 ± 0.07 pm/min in

the high-AsH 3 segments, very similar to the Type A nanowires grown on (111 )B substrates (1.19

± 0.03 and 0.95 ± 0.08 pm/min, respectively). The nanowires that grew faster had diameter

ratios of 1.33 ± 0.07 and growth rates of 1.42 ± 0.07 im/min in the high-AsH 3 segments. In this

case, the growth rate is very similar to the growth rate of Type B straight nanowires grown on

(11 1)B substrates (1.44 ± 0.02 pim/min). Furthermore, the cross-sectional shape of the fast-

growing Type A DM nanowires on (11 )A substrates matches that of the type B straight

nanowires on (I I)A substrates (Figure 8-1le-h). Given the similarities in these growth rate and

cross-sectional shape, as well as the absence of any Type B straight nanowires on (11 I)A

substrates, it is likely that the fast-growing Type A DM nanowires on (111 )A substrates grow

from seed particles in the same phase as those for the Type B straight nanowires on (111 )B

substrates. The fast-growing nanowires represent 83% of the Type A DM nanowires on (11 I)A
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substrates, indicating a similar preference for cross-sectional shapes on both (111 )A and (111 )B
substrates.
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Figure 8-11. Substrate dependence of nanowire type. (a) Plan-view SEM images of GaAs
nanowires grown on (11 )A GaAs substrates. Inset shows magnified view of upper segments. (b)
SEM images of GaAs nanowires grown on (11 1)B GaAs substrates at a 450 viewing angle. (c)
Histogram indicating the fraction of nanowires that are Type A DM (red), Type B straight
(orange), and Type C kinked DM (yellow), as well as other nanowires ("o"; gray) that are either
highly kinked or non-[ 1 ]B. (d) Diameter (d) and growth rate (v) of specific nanowire segments
of Type A DM nanowires on (11 )A versus (11 l)B substrates. The segments labeled in the inset
of (a) correspond to those represented in the histogram. (e) STEM image (right) and
corresponding SAD pattern (right) of a fast-growing Type A DM nanowire. (f-h) EDS linescan
profiles at the base (f), near the tip (g), and just below the seed (h). The red, orange, and yellow
profiles correspond to the linescans indicated by dashed lines in the STEM image. The gray
profiles were taken from the nanowire in Figure 8-6b. The red arrow indicates that the linescan
in (f) was taken at the base of the nanowire. All scale bars represent 1 um.

Thus it appears that the main difference between the nanowires grown on (11 )A and (11 1)B

substrates is that the fast-growing nanowires show significant diameter modulation on (111 )A

substrates, but no diameter modulation on (11 l)B substrates. For no diameter modulation to

occur when the AsH3 flow is reduced, the seed particle must be able to still receive enough As
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such that the growth rate is unchanged, which is the case for the fast-growing nanowires on

(111 )B substrates. However, for the fast-growing nanowires on (111 )A substrates, the reduction

in AsH3 flow reduces the growth rate by 36 ± 6%, causing an increase in diameter. Simulations

of As adatom diffusion on (1 I I)A and (I I )B surfaces indicate that As adatoms are more mobile

on As-terminated (111 )B surfaces, while they tend to form stronger surface bonds on Ga-
233terminated (111 )A surfaces. Experimental results also suggest that As species bind strongly

to Ga-rich surfaces.234 Therefore, we conclude that the effective supply of As to the seed must

be more limited on Ga-terminated (111 )A substrates, making them more sensitive to changes in

As flow and resulting in more significant As-driven diameter modulation.

8.3.3. Dependence upon growth conditions

We also utilized growth conditions during nucleation to control the preferred nanowire type.

Here, we compare nanowires grown on (11 1)B substrates using 90 nm colloids. We varied the

pre-growth annealing procedure, the nucleation temperature, and the V/III ratio during

nucleation, each of which have been shown to affect nanowire orientation1 1 3.223.231 Parameters

that can affect orientation could also affect nanowire type, as both the orientation and type are

determined during the initial stages of growth. A 600'C annealing procedure under H2 and AsH 3

flow is generally used to remove surface oxides. For comparison, we also grew un-annealed

samples. Additionally, we nucleated nanowires at both 480'C and 420'C for 1 min, followed in

both cases by growth at 420'C. Finally, the V/III ratio during nucleation was varied from 2

(low) to 10 (medium) to 60 (high). The low V/Ill ratio was achieved by using a lower AsH 3

flux, while the high V/III ratio was achieved by using a lower TMG flux.

An increase in the nucleation temperature from 420'C to 480'C increased the total fraction

of vertical [111 ]B nanowires (Figure 8-12), particularly for the un-annealed samples (Figure

8-12c,d), for which the verticality increased from 31% to 83% (Figure 8-12e). This is consistent

with multiple reports of increased nanowire verticality using an elevated nucleation

temperature.11 3,235  Furthermore, nearly all of the vertical nanowires at 480'C were Type B

straight nanowires."s Bulk Au-Ga alloys at 480'C are fully liquid throughout most of the

compositional range (19-60% and >74%; Figure 8-9c), while the range of fully liquid

§§ For un-annealed substrates, 92% of observed [111]B nanowires were Type2 straight. For annealed substrates,
every measured [1] JB nanowire was found to be Type 2 straight.
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compositions is more limited at 420'C (23-41% Ga and >84% Ga; Figure 8-9c).18 1 Also, the

supply of Ga is likely greater at higher 480'C versus 420'C due to more efficient Ga

decomposition (~90% versus ~20%, respectively), 236 further increasing the likelihood of the seed

reaching the liquidus. Thus it is likely that the Type B straight nanowires correspond to liquid

seed particles, while the Type A and Type C nanowires correspond to solid seed particles in

different phases. When the temperature is reduced to 420'C for growth, the seeds may

preferentially remain in the liquid phase even if the composition of the seed changes and/or

would thermodynamically correspond to a solid phase at the lower temperature due to the energy

barrier in nucleating a solid phase. In fact, seed particles have been observed to remain in the

liquid phase even after being cooled well below the eutectic temperature.11 2

At 420 0 C, the greater preference for Type A DM and Type C kinked DM nanowires over

Type B straight nanowires for un-annealed versus annealed samples is likely a consequence of

the presence of native oxide layers on the GaAs substrate surface. The 600'C anneal removes

these oxides. At 4200 C, As oxides may decompose, but Ga oxides remain stable.6 The surface

diffusion of adatoms would be different on oxide versus arsenide surfaces, therefore affecting the

supply of precursors to the seed particle. Furthermore, the presence of oxides can alter the

surface energy of the seed/substrate interface, which could affect the preferred phase of the seed

particle.
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Figure 8-12. Dependence of nanowire type on nucleation temperature. (a-d) SEM images

taken at 450 viewing angles of GaAs nanowires grown using 420'C nucleation after 600'C

annealing (a), 480'C nucleation after 600'C annealing (b), 420'C nucleation without annealing

(c), and 4200 C nucleation without annealing (d). (e) Histogram indicating the fraction of

nanowires that are Type A DM (red), Type B straight (orange), and Type C kinked DM (yellow),

as well as other nanowires ("o"; gray) that are either highly kinked or non-[ 1 ]B. All scale bars

represent 1 um.
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The effect of V/III ratio during nucleation was also investigated for both annealed and un-
annealed samples. An increased V/III ratio during nucleation generally produced more diameter-
modulated nanowires (Types A and C), as opposed to Type B straight nanowires (Figure 8-13).
A similar effect has been observed in the growth of InP nanowires.23 1 For annealed samples, the
total fraction of all [111 ]B nanowires (Types A, B, and C) slightly decreased as the V/IlI ratio
increased, but the effect was relatively small (Figure 8-13d). For un-annealed samples, kinking
was a significant issue that resulted in a very high fraction of non-[ 1 ]B nanowires. However,

an increased V/IlI ratio during nucleation not only produced more diameter-modulated

nanowires (particularly Type C nanowires with high diameter ratios) but also significantly

reduced the fraction of non-[l lI]B nanowires (Figure 8-13h).
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Figure 8-13. Dependence of nanowire type on V/III ratio during nucleation. (a-d) GaAs
nanowires grown after 600'C annealing using low (a), medium (b), and high (c) V/III ratios
during nucleation, as well as their corresponding orientation (d). (e-h) Nanowires grown without
annealing using low (a), medium (b), and high (c) V/III ratios during nucleation, as well as their
corresponding orientation (d). All SEM images are at 450 viewing angles. The histograms (d,h)
indicate the fraction of nanowires that are Type A DM (red), Type B straight (orange), and Type
C kinked DM (yellow), as well as other nanowires ("o"; gray) that are either highly kinked or
non-[ 1 ]B. All scale bars represent 1 um.

The preference for Type A and C nanowires over Type B nanowires at high V/IlI ratios may

indicate that the composition of Ga in the seed is lower for Type A and C nanowires. However,
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it is difficult to definitively identify the phase corresponding to each nanowire type. As stated

previously, the preference for Type B straight nanowires at high nucleation temperatures does

indicate the corresponding seed particles may be in the liquid phase due the limited amount of

solid Au-Ga phases present at that temperature. The large change in diameter for the Type C

nanowires, as well as the kinking that occurs, indicates that a phase change is likely. Even with a

phase change with a large increase in Ga composition (e.g. AuGa to AuGa 2), volume changes

would only account for a small portion of the diameter change, indicating that changes in surface

energy and wetting angle are a significant factor in the diameter changes along Type C

nanowires. Notably, the surface energy of As is very low (~0.14 J m-2 at 420C),229 so small

changes in the As composition in the seed could have a significant impact on the wetting angle

and, therefore, the nanowire diameter. Regardless of the specific phase, these results

demonstrate that each type of diameter modulation behavior (DM, straight, and kinked DM) can

be produced by controlling the initial conditions under which nanowires grow, indicating that the

phase of the seed particle can be controlled during nucleation.

8.4. Summary

The flow-controlled diameter modulation approach developed in Chapter 6 was successfully

applied to GaAs nanowires, demonstrating the general applicability of the technique for particle-

mediated compound semiconductor nanowires. A reduction in the V flow led to a decrease in

nanowire growth rate and increase in nanowire diameter, consistent with the previous results for

InN nanowires. An increase in the III flow led to an increase in both diameter and growth rate,

consistent with the previous results for GaN nanowires. Greater diameter ratios were achieved

by modulating both the III and V source in the same growth.

The extent of diameter modulation varied between nanowires, and three distinct types of

[11 ]B-oriented nanowires were observed: (1) nanowires with moderate diameter modulation

with a relatively slow growth rate, (2) nanowires with no detectable diameter modulation and a

relatively high growth rate, and (3) nanowires with significant diameter modulation that kinked

upon changes in precursor flow. Electron tomography was performed on nanowires of each

type, which were found to have differences in the cross-sectional shape. The differences in

cross-sectional shape, diameter modulation, and growth rate between nanowires of different

types indicated differences in the seed particle composition and phase.
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Each type of diameter modulation behavior was preferentially produced by using multiple

techniques to modify conditions during nucleation. Type B straight nanowires were obtained

preferentially by using smaller Au colloids with diameters below 90 nm. For 90 nm Au colloids,

the frequency of Type B straight nanowires was significantly increased by nucleating the

nanowires at an elevated temperature (480'C) and then continuing growth at a lower temperature

(420'C). Type A diameter modulation behavior was obtained preferentially by using (11 )A

instead of (11 l)B substrates. Notably, the high growth rate of these nanowires suggests that this

was less of a consequence of more nanowires nucleating with the Type A seed particles and

more due to diameter modulation occurring even for Type B seed particles, indicating a

significant role of substrate adatom diffusion on diameter modulation. Finally, by operating at

high V/III ratios without a pre-growth annealing procedure, the majority of [111 ]B nanowires

obtained were Type C kinked DM nanowires with large diameter ratios.

These results have significant implications not only for nanowire diameter modulation, but

for the general growth of III-V nanowires. By operating at the same V/Ill ratio but with different

flows of the III & V precursors, differences in growth rate, diameter modulation, and defect

densities were observed, which highlights the importance of the absolute III & V fluxes in

optimizing III-V nanowire growth. The presence of different types of [11 ]B-oriented

nanowires with discrete differences in diameter modulation, growth rate, and cross-sectional

shape likely stems from variations in seed particle composition and phase between different

nanowires, highlighting difficulties in obtaining uniform nanowire arrays with compound-

forming seed alloys. However, different strategies were developed here to preferentially produce

each of the three types of [111]B-oriented nanowires that were observed, suggesting that

experimental techniques may be used to control the composition and phase of the seed particle.
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Chapter 9: Conclusions

In this thesis, both experimental and theoretical investigations were employed to develop

tools for controlling the structure, morphology, and composition of compound semiconductor

nanowires, particularly III-V nitrides. The tools developed in this thesis provide a foundation for

synthesizing nanowires with desired properties that are tailored for specific electronic and

optoelectronic device applications.

9.1. Summary & implications of thesis work

Techniques were developed in Chapter 4 for controlling nanowire growth direction, tapering,

and defect density in GaN nanowires. By using c-sapphire and r-sapphire substrates, GaN

nanowires were grown preferentially in the polar c-direction and nonpolar m-direction,

respectively. Thus, using growth substrates that are standard for GaN film growth, either c-GaN

or m-GaN nanowires can be chosen for radial or axial heterostructures, respectively, with

nonpolar-oriented heterojunctions. Film deposition on the nanowire sidewalls was minimized by

reducing the Ga flux and increasing the density of nanowires. This technique could be used to

enable growth of nanowires with uniform diameters at higher temperatures. Using straight taper-

free m-directional GaN nanowires, the fundamental growth mechanism was elucidated by

analyzing the diameter-dependent growth rate. A model was developed to demonstrate that

growth was limited by monolayer nucleation and that nucleation occurs preferentially around the

perimeter of the liquid/solid interface. The significance of nucleation in nanowire growth was

illustrated by the fact that Ni-seeded nanowires grew faster than Au-seeded nanowires and

contained a much lower density of stacking defects. These results indicate that rapid growth of

defect-free nanowires can be enabled by choosing seed alloys with a low liquid/solid surface

energy that reduces the energy barrier to nucleation.

Next, nonpolar-directional InN/InGaN axial heterostructure nanowires were fabricated in

Chapter 5 by introducing TMG during InN growth. The allowable flux of TMG was limited by

the formation of a GaN shell for higher and more prolonged TMG fluxes. Radial shell growth

was effectively minimized by increasing system temperature and pressure, enabling greater TMG

flows. However, likely due to reduction of the local supply of Ga at the seed, axial InGaN

growth was also inhibited. Therefore, brief high-flux pulses were used at lower pressure to
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produce InN/InGaN heterostructures with minimal GaN shell growth. The introduction of TMG

induced axial changes in nanowire diameter and cross-sectional shape, which were analyzed

using electron tomography and EDS and found to be a consequence of changes in seed particle

volume and facet surface energy. In addition to constituting the first demonstration of nonpolar-

oriented III-V nitride axial heterostructure nanowires, these results reveal the complexity of

ternary nanowire growth using seed particles, as the composition of the III element in both the

vapor/adatom phase and seed phase can have a significant impact on nanowire composition.

In Chapter 6, variations in the vapor-phase concentration of V and III precursors were used in

the growth of binary III-V nitride nanowires to alter the seed particle composition and therefore

nanowire diameter. A reduction in the V flux during InN growth produced segments with slower

growth rates and larger diameters, while a reduction in the III flux also produced segments with

slower growth rates, but larger diameters. Because of the low solubility of N in both Au and Ga,

it does not alloy with the seed.69'70 Therefore, while the III flux controls the incorporation rate of

III element incorporation into the seed particle, the V flux controls the extraction rate of III

element extraction out of the seed. Measurements of seed particle composition indicate that an

increase in nanowire diameter was associated with an increase in seed particle composition,

which increases the volume of the seed particle. Additionally, nanowires were fabricated with

thin-diameter notches that were shown to promote preferential fracture, which could be used

advantageously in certain nanowire applications. This flow-controlled technique provides a

practical template-free route to fabricating nanowires with tunable diameter changes, which have

many potential applications in addition to controlled fracture.

Next in Chapter 7, the potential and limitations of template-free particle-mediated nanowire

diameter modulation were explored using experimental results from InN and GaN nanowires as a

basis. A model was developed that takes into account contributions of changes in seed particle

volume, wetting angle, and three-dimensional morphology to changes in nanowire diameter. For

InN nanowires, the diameter changes were found to be primarily driven by changes in seed

particle volume. However, changes in wetting angle accounted for the fact that triangular

nanowires had larger diameter ratios than hexagonal nanowires. Diameter ratios in excess of 2

were achieved with GaN nanowires due to significant changes in both seed particle volume and

wetting angle. Furthermore, the model was used to assess the morphology and surface energy of

the liquid/solid interface. Although the liquid/solid interface has commonly been assumed to be
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flat, the force balance is not upheld, the calculated surface energy is quite low, and the nanowire

diameter would evolve relatively slowly. However, either a faceted or rounded interface

structure is feasible. In addition to explaining the results for InN and GaN, this model provides

general guidelines for nanowire diameter modulation, including seed material selection.

Furthermore, it can be applied in assessing fundamental growth phenomena. For example, by

pairing this model with in situ TEM investigations, the nanoscopic shape of the liquid/solid

interface can be elucidated.

Finally in Chapter 8, the flow-controlled diameter modulation approach was applied to GaAs

nanowires to demonstrate the general applicability of the technique for compound semiconductor

nanowires. The trends in growth rate and diameter with changes in III and V flow for GaAs

nanowires were the same as those for InN and GaN nanowires. Furthermore, changes in both III

and V flow were used in the same growth to produce more significant diameter ratios.

Interestingly, three different types of vertically oriented [111 ]B GaAs nanowires were observed

and had discrete differences in nanowire growth rate, diameter modulation, and cross-sectional

shape. These discrepancies are likely due to variations in seed particle phase. By controlling

conditions during nucleation, each type of diameter modulation behavior was produced

preferentially. Together, these results demonstrate the general applicability of the flow-

controlled diameter modulation strategy to compound semiconductor nanowires and highlight

the importance of both relative and absolute fluxes of both the III and V precursors during

growth. Additionally, the control of nanowire type suggests that, while compound-forming seed

alloys may introduce further complexities into nanowire growth, they can also provide versatility

in producing nanowires with desired structure and morphology.

9.2. Suggested future work

In addition to providing concrete strategies for tailoring nanowire structure, morphology, and

composition, these studies also open up new questions that warrant further analysis. Below are

three recommended avenues of research that would provide further insight into effective

nanowire growth strategies.
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9.2.1. Alternative seed metals for II-V nitride axial heterostructures

In the fabrication of InN/InGaN axial heterostructure nanowires, achieving high Ga

composition in the InGaN discs was challenging due to the formation of a GaN shell at high Ga

fluxes. Furthermore, formation of InGaN was only achievable using brief high-flux TMG

pulses, limiting the ability to control the length of segments with different composition. The

high flux of Ga required to form InGaN indicates that it is difficult to drive Ga into Au-In alloys,

and other studies also indicate that Ga and In may not mix well in ternary Au-In-Ga seed

particles. 11 Therefore, an investigation into viable alternative seed metals for ternary InGaN

nanowires would be useful. While GaN nanowires have been effectively grown with various

metals including Au, Ni, and Fe,63 synthesis of InN nanowires with metals other than Au has

proven challenging. Attempts were made here to use Ni and Ag seed particles, but no nanowire

growth was observed. Unfortunately, no known model exists for predicting the viability of a

particular metal for seeding a specific nanowire material. Furthermore ternary phase diagrams

for InGaM (where M is a metal) alloys are limited. However, by surveying effective seed metals

used in synthesis of other nanowire materials and inspecting InM and GaM binary phase

diagrams, some prospective candidates can be extracted. Notably, in this work, significant

differences in nanowire growth were observed for colloids versus films. Thus it may be useful to

investigate both dense and sparse nanowire growth for each chosen metal. For sparse nanowires,

lithographic techniques could be used to deposit multiple metals in different regions of the same

substrate.

9.2.2. Quantitative fracture analysis of notched nanowires

The bending tests of notched GaN nanowires provide a proof of concept that thin-diameter

notches can be used to promote preferential fracture in nanowires, which could potentially be

used for increasing throughput in commercial nanowire synthesis and/or facilitating transfer of

nanowires from the growth substrate to foreign substrates. However, quantitative analysis of the

fracture of notched nanowires would provide more insight into the extent of the effect of notches

on nanowire mechanical properties and aid in the design of nanowires with ideal notch geometry.

This analysis could include the dependence of fracture behavior on nanowire diameter, notch

diameter, and nanowire/notch diameter ratio. Additionally, notched nanowires could be

fabricated with other materials (e.g. GaAs) to clarify the role of inherent mechanical properties to
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determine if this strategy for controlled fracture is more viable in some materials than others.

Furthermore, once suitable materials and geometries have been identified from investigations of

individual nanowires, a demonstration of controlled fracture of nanowire arrays would truly

reveal the potential of this technique.

9.2.3. Role of seed particle in phase in ternary alloy growth

In Chapter 8, variations in the morphology between three different types of [11 ]B nanowires

were attributed to differences in seed particle phase, and each of the three types of diameter

modulation behavior were produced preferentially by controlling growth conditions. The same

strategies used to control seed particle phase for diameter modulation could also be applied in the

growth of axial heterostructures composed of ternary AlGaAs alloys. First, further insight into

the exact phase of the seed particle for each nanowire type may be gained from improved

analysis of seed particle composition. Cooling strategies have been shown to affect ex situ

measurement of seed composition, 1 so a study of cooling conditions on measured seed particle

composition could enable identification of seed particle phase. Then GaAs/AlGaAs axial

heterostructures can be grown by varying the Ga and Al precursor fluxes. The effects of seed

particle phase on nanowire composition can then be evaluated. With knowledge of each phase,

these effects can be related back to fundamental phenomena and provide insight into general

strategies for controlling nanowire composition with a variety of seed and nanowire materials.
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List of Abbreviations

a- [11-20] direction or (11-20) plane

BSF basal-plane stacking fault

C- [0001] direction or (0001) plane

CEA-Leti Commissariat i P'nergie atomique et aux energies alternatives -

Laboratoire d'6lectronique des technologies de Pinformation

CVD chemical vapor deposition

DF dark field

DI deionized

EDS energy dispersive X-ray spectroscopy

FFT fast Fourier transform

HR high resolution

LED light emitting diode

i/s liquid/solid (interface)

M- [1-100] direction or (1-100) plane

MOCVD metalorganic chemical vapor deposition

MQW multiple quantum well

NW nanowire

OPV organic photovoltaic

PV photovoltaic

QCSE quantum-confined Stark effect

r- [1-102] direction or (1-102) plane

SAD selected area diffraction

sccm standard cubic centimeters per minute

SEM scanning electron microscope/microscopy

SF stacking fault

STEM scanning transmission electron microscope/microscopy

TEM transmission electron microscope/microscopy

TMG trimethylgallium

TMI trimethylindium
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TPB triple-phase boundary

v/i/s vapor/liquid/solid (interface)

v/s vapor/solid (interface)

VLS vapor-liquid-solid (growth mechanism)

VSS vapor-solid-solid (growth mechanism)

VS vapor-solid (growth mechanism)
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