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I11-V semiconductor epitaxial nanowires have gained significant attention in recent years, as
they showcase an opportunity to combine II-V material properties with a non-planar
morphology. To date, semiconductor devices have been continuously engineered to realize opto-
electronic devices with ever smaller size, higher efficiency, and lower power consumption.
However, many device improvements have reached fundamental physical limitations. One way
to address these challenges is to adapt a non-planar device structure. Nanowires are one-
dimensional structures that can be grown on a substrate with epitaxial relationship using
traditional vapor deposition techniques such as metal-organic chemical vapor deposition
(MOCVD). Therefore, the novelty of non-planar morphology can be achieved using industrial
scale high throughput deposition techniques. To realize the full potential of nanowires as
building blocks in a range of different devices, growth of nanowire arrays with controlled
density, morphology, composition and alignment is necessary.

In this thesis, we demonstrate controlled growth of self-seeded III-V binary and ternary
nanowires by MOCVD. First, self-seeded binary I1I-V nanowire growth is demonstrated for
gallium (Ga)-seeded gallium arsenide (GaAs) nanowires. High yield of vertical nanowires are
grown reproducibly by a two-step approach: in situ deposition of Ga seed particles at high
temperatures (500°C — 600°C), followed by GaAs nanowire growth at lower temperatures
(420°C — 435°C). The fabricated GaAs nanowires show a single crystalline structure at the base
and occasional twin planes along the nanowire growth direction. We develop a growth model
based on incorporation and extraction of Ga from seed particle to explain the observed tapering
of nanowires.

Second, control over the density and diameter of nanowire arrays is achieved by controlling
seed deposition conditions. We demonstrate that higher seed deposition temperatures or
changing the GaAs substrate orientation from (111)A to (110) and (111)B yield reduced areal
density and larger nanowire diameters. Seed deposition temperature affects the surface diffusion
of Ga adatoms, whereas substrate orientation affects the nucleation of seed particles due to
varied chemical potential of Ga adatoms and surface energies on different surface orientations.

Lastly, controlled self-seeded ternary I11I-V nanowire growth is realized in the case of Ga-
seeded GaAs,_.P, nanowire growth on GaAs substrates. Composition control for x = 0 — 0.3 and
growth of GaP nanowires are demonstrated by varying group-V precursor percentage. It was
found that strain due to lattice mismatch between GaAs substrate and GaAsP nanowires can be
released due to nanowire geometry. Cathodoluminescence measurements have shown emission



of light in GaAsP band gap energies, confirming the successful growth of nanowires in this
ternary material system.

The methods developed for self-seeded growth of GaAs and GaAsP nanowires, as well as
density and diameter control of self-seeded growth are extendable to other self-seeded III-V
nanowire material systems.

Thesis Supervisor: Silvija Gradecak

Title: Associate Professor of Materials Science and Engineering
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Chapter 1: Introduction

1.1. Motivation

Electronic and photonic devices have fueled the technological advancements of the 20th
century, and the control of materials properties through advanced processing techniques has been
at the core of these achievements. Building electronic and photonic devices with smaller size,
higher efficiency, and lower power consumption requires fundamental advances in
semiconductors from the materials science and processing perspective. The state-of-the-art
devices are currently fabricated starting with a planar morphology, where semiconductors are
deposited as thin films followed by doping, etching, metallization, etc. to build the device
structure. Adapting a non-planar morphology can address some of the aforementioned challenges
by providing inherent advantages in physical processes such as confinement of electrons as well
as scattering and absorption of light.

Semiconductor nanowires are defined as one-dimensional structures with diameters ranging
from only a few nanometers up to tens of nanometers, and lengths in microns scale. Nanowires
are typically grown or fabricated epitaxially on a substrate, and have a non-planar morphology.
Nanowires combine the intrinsic properties of semiconductors with low dimensionality, which

-3

makes them suitable building blocks for electronic and optoelectronic applications,'™ such as

solar cells,*™® light emitting diodes (LEDs),>'® and high electron mobility devices.'""
The ability to grow semiconductor materials in one-dimensional nanowire morphology

provides various advantages for electronic and optoelectronic applications. Continuous

improvement of circuit performance has been historically achieved by downscaling the transistor
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size. However, in planar field-effect transistors (FET), scaling of the gate length deteriorates
electrostatic control of the conducting channel. Vertical nanowires enable a gate-all-around
geometry in FET devices, in which a gate is wrapped around a nanowire channel. This structure
would lead to superior electrostatic control of the conductivity in the FET channel and therefore
could enable continued scaling of circuits.™'*~'® Radial nanowire heterostructures facilitate band
gap engineering along the diameter of nanowires, which can lead to improved transport

properties due to confinement of carriers'"'®

and specifically high electron mobility due to
confined electron gas'' in core-shell nanowire structures.

In optoelectronic applications, one-dimensional morphology of nanowires can provide
advantages in physical processes such as light generation, propagation, and amplification.”'""
Light generation in LEDs may be improved as a result of lower defect densities in nanowires due
to effective strain relaxation at the nanowire/substrate interface and larger surface area per
footprint of quantum-well structures in the case of core-shell heterostructures.”® Light
propagation through nanowires can provide efficient extraction of light,>'** whereas periodic
arrays can enhance light extraction due to directional emission of light.”® In laser applications,
semiconductor nanowires integrate both gain materials and lasing cavity, thus realizing compact
photonic lasers.**

In particular, the geometry of nanowires has strong potential benefits for solar cells in terms
of electrical and optical properties, strain relaxation, charge separation mechanisms, and a
possibly decreased cost compared to planar wafer-based or thin film solar cells.#25727 Light
absorption in nanowire-based solar cells is improved due to reduced reflection cc;mpared toa
29,30 In

planar morphology28 and enhanced light trapping due to scattering in nanowire arrays.

inorganic photovoltaic devices, nanowires can be exploited via three types of junctions as shown
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in Figure 1.1: substrate junction, axial junction or radial (core-shell) junction. Substrate junctions
occur when nanowire material or doping level is different than substrate. Axial junctions are
aimed to be used for tandem solar cells, which stack up different bandgap materials along the
nanowire growth direction to maximize the absorption of solar spectrums. Radial junctions offer
advantages by separating absorption and charge collection directions. In radial junctions, optical
absorption occurs along the nanowire length, which is sufficiently long for absorption, and
charge collection occurs radially along the diameter providing short collection lengths for free
carriers25. Radial p-n3! and p-i-n32 junctions have been shown in GaAs nanowires with suitable

doping.

(a) : (b) (c)

Figure 1.1 Nanowire heterostructures. a) Substrate junction where substrate and
nanowire are composed of different materials or doping levels to create a junction at the
interface. b) Axial heterostructure where nanowire composition or doping is altered along
the nanowire length. ¢) Radial (core-shell) heterostructure where composition or doping
levels are altered in radial direction. Green and blue colors represent different material
composition and/or doping levels.

Whereas one-dimensional nanowire morphology can provide unique advantages in physical
processes related to optoelectronic applications, the realization of these advantages can be
achieved by using high quality nanowires with controlled areal density, nanowire diameter, and
length. In particular, nanowire growth techniques impart the material quality of nanowires. A
common method to grow bottom-up nanowires involves the use of foreign seed particles (i.e.

Au) to facilitate one-dimensional growth.” However, atoms from the foreign seed particles ma
g g p Y
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incorporate into the nanowire and affect the material quality. Therefore, in this thesis, we
investigate growth of III-V nanowires by self-seeded mechanism, where group-III element of the
nanowire is utilized as a seed particle. This method eliminates foreign elements to be used as
seed particles and thus circumvents the potential incorporation of foreign elements into the
nanowire.

The research objectives of this thesis are to establish a framework on self-seeded I1I-V
nanowire growth using Ga seed particles for GaAs nanowire growth, and achieve density and
diameter control of nanowire arrays. Then, we extend the understanding of self-seeded growth
into growth of ternary GaAsP nanowires and investigate the compositional control of ternary

nanowires in self-seeded mechanism.

1.2. Nanowire fabrication techniques

Semiconductor nanowires can be fabricated using top-down methods by selectively etching a
patterned planar material or can be grown on a substrate by vapor deposition techniques or
solution processing techniques such as hydrothermal growth in the case of bottom-up
approaches. In this section, we give an overview of these techniques for the growth of III-V

nanowires and explain relevant growth mechanisms.

1.2.1 Top-down nanowire fabrication

Top-down approaches start with a planar layer with desired properties, such as composition
and axial heterostructure, which is then etched away in defined positions to create nanowire
morphology. The mask layer is defined by techniques such as optical lithography, electron beam
lithography, nano-imprint lithography or anodic aluminum oxide.”*” Then, etching is performed

by techniques such as wet etching, reactive ion etching and metal-assisted etching.’**® A
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schematic of this process is shown in Figure 1.2a for top-down nanowire fabrication by metal-
assisted etching. First, a metal layer with openings is created by lithography (top image) and then
substrate under metal layer is etched by metal-assisted mechanism in solution (middle image)
and nanowire morphology is obtained. Lastly, metal layer can be removed by etching to obtain
nanowire array on the substrate. While this method can achieve highly uniform nanowire arrays
with controlled size and length, it may introduce surface roughness due to etching process and
has limited possibilities for development of axial heterostructures. GaAs nanowires by reactive
ion etching®® and Si nanowires by metal-assisted etching®®*"*? have been realized by top-down

approaches.
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Figure 1.2 Nanowire fabrication and growth processes. a) Top-down nanowire
fabrication by patterning (top) and subsequent etching (middle). After fabrication, pattern
can be etched (bottom). b) Bottom-up nanowire growth by selective area epitaxy (SAE).
First, a mask layer is patterned (top), then epitaxial growth only occurs in the openings of
the mask layer (middle). Oxide mask layer can be removed by etching (bottom). ¢) Seed
particle assisted nanowire growth. Seed particles are deposited on the substrate (top) and
preferential decomposition of precursors and nucleation at the seed particle/nanowire
interface leads to one-dimensional nanowire growth (middle). Seed particles can be
removed by selective etching (bottom). Gray, green, transparent and yellow represent
metal, nanowire material, oxide and seed metal, respectively.

1.2.2 Bottom-up nanowire growth
Bottom-up approaches are usually conducted via vapor phase epitaxy — growth of nanowires

from vapor phase precursors — which include chemical vapor deposition (CVD)*, metal-organic

44,45

chemical vapor deposition (MOCVD)** and molecular beam epitaxy (MBE)*. In bottom-up

approaches, common methods to grow 111-V semiconductor nanowires are selective area epitaxy
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(SAE) and particle-seeded growth (i.e. vapor-liquid-solid (VLS) method). Here, we first explain

growth by SAE and then particle-seeded growth methods.

1.2.2.1 Selective area epitaxy

In SAE, substrate is covered with a mask layer where deposition of materials is minimal and
deposition only occurs at the openings of the mask. Therefore, nanowire morphology can be
achieved. This technique is schematically described in Figure 1.2b. First, a mask layer such as
Si0,"” or SiN,*® is deposited and nanowire nucleation spots (openings) are patterned with
lithography (top image), then one-directional nanowire growth is promoted in these openings

(middle image) and the mask layer can be removed after growth (bottom image).

1.2.2.2 Particle-seeded nanowire growth mechanisms

Particle seeded growth mechanisms involve seed particles to achieve one-dimensional
growth of nanowires, as shown in Figure 1.2c. A common method to grow one-dimensional
nanowires involves the use of foreign seed particles;>> in this approach, a seed particle alloys
with the nanowire material(s) and nanowire nucleation occurs preferentially at the seed particle-
nanowire interface. Commonly, nanowire growth is achieved using foreign metal seeds such as
AuP*0 Ni 2 cu® or Pd,**¢ which alloy with at least one of the nanowire constituent
elements.

The vapor-liquid-solid (VLS) mechanism is a common growth method for vapor phase
epitaxy of nanowires. It was first proposed by Wagner and Ellis in 1964 to explain the growth of
Si whiskers.”® This method is schematically shown in Figure 1.3 for the case of Si nanowire
growth in CVD, in which Au is used as a collector particle. SiCls or SiHy is introduced as the Si
precursor, which decomposes to Si and alloys with the metal particle. Growth temperatures are

above the eutectic temperature for Si-Au system, therefore the metal alloy particle becomes
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liquid above certain Si content (i.e.16 at% Si at 550°C). The incorporation of Si results in
supersaturation of the alloy particle, and Si solidifies preferentially at the particle-substrate
interface as a monolayer.’”*® These processes are described schematically in Figure 1.3a. The

area of the seed particle-nanowire interface controls the nanowire diameter and one-dimensional

growth occurs via layer-by-layer growth.**¢"

a)

b) 1500
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Figure 1.3 Vapor-liquid-solid (VLS) nanowire growth mechanism described for Si
nanowire growth. a) Growth stages of VLS growth of Si nanowires and b) corresponding
phase diagram. Solid gold particle (step 1) alloys with Si vapor and becomes a AuSi alloy.
As Si content in the alloy particle increases, particle enters liquid phase (step 2) and
becomes a supersaturated AuSi alloy (step 3), which drives formation of Si layer at the
particle/substrate interface (step 4). Nanowire growth occurs as step 4 is repeated.

Growth of I1I-V nanowires by VLS is more complex than the elemental nanowire case, due

to the necessity of incorporation of both elements for nanowire growth. Group-IIl materials
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usually have sufficient solubility in Au; however, most group-V materials have very low

solubility in Au**®

. Therefore, while group-III elements can diffuse through Au particle to reach
particle-nanowire interface for solidification, the incorporation of group-V material should have
another route. Experimental observations suggest that group-V material first reaches the triple-
phase boundary (TPB), i.e. the vapor-liquid-solid interface, by surface diffusion on Au particle
or on the nanowire; then diffuses along the particle-nanowire interface to form a III-V
compound.*®

During VLS growth of nanowires, sidewall deposition on nanowires and film formation on
substrate may be observed, which are governed by a different mechanism than VLS, as shown in
Figure 1.4. Some precursors decompose to their elemental sources during gas phase transport
and may incorporate directly onto the nanowire sidewalls or substrate. The direct deposition of
vapor phase decomposed precursor atoms on solid surfaces without going through liquid

collector particle is referred as vapor-solid (VS) growth. VS growth is a thermally activated

process and can be minimized and eliminated by lower growth temperatures.*>64

VLS

Decomposition

Bl TMG [ Ga adatoms

Figure 1.4 Effective growth mechanisms during particle-seeded GaAs nanowire growth.
Ga precursor (TMGa) reaches the collector particle via surface diffusion and direct
impingement, decomposes at the collector surface, and contributes vapor-liquid-solid
(VLS) growth (left). Ga precursor decomposes during gas-phase transport and Ga ad-
atoms reach the nanowire sidewalls and deposit on sidewalls via vapor-solid (VS)
mechanism (right). (Image courtesy of SK Lim).
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1.2.2.3 Self-seeded nanowire growth mechanism

The self-seeded nanowire growth is a subsection of particle-seeded method, where a collector
particle is composed of elements constituting the wire instead of a foreign metal (i.e. in the self-
seeded mechanism, GaAs nanowire growth would be referred as Ga-seeded growth, where the
Ga particle would be collector particle on top of the nanowire). The self-seeded mechanism aims
to eliminate the unintentional impurity incorporation to the nanowire by the metal collector
particle during growth, and it is exploited in I[I-V nanowire growth on III-V substrates and Si
substrates. Unintentional incorporation should be especially eliminated for the growth on Si
substrates, since Au (common metal collector particle) has deep level traps in Si and could
diffuse into the Si substrate.

Both foreign-seed particle VLS and SAE methods require a primary step — either deposition
of seed (collector) particle or depositing mask layer and patterning openings for nanowire
nucleation and growth. In self-assisted growth, these pre-steps are usually not necessary, because
collector particle is a group-III material, which can be deposited in-situ prior to growth.>’ Even
in the conditions that it is not deposited in situ, group-1II rich flows may result in droplet
formation of group-lII material during growth due to the ratio of precursors and volatility of
group-V material.®® However, it is worth noting that some groups deposit a very thin layer of
SiOy or SiO; to help with immobilization of the collector particles.®®®’

Although VLS method with foreign metal seed particles can be used to control nanowire

morphology,®®%

incorporation of metal atoms into nanowires during the growth and/or post-
processing can affect the nanowire optoelectronic properties.””> Incorporation of the seed atoms

depends on the exact materials system, such as the combination of seed particle and nanowire

elements, and on the growth conditions including temperature and growth rate. Recent electron
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microscopy and electron tomography studies have provided direct visualization of seed atoms
incorporated into nanowires for Au-seeded”® and Al-seeded’® Si nanowires as well as Au-seeded
GaAs nanowires.” Furthermore, the presence of foreign metal seeds may influence the growth of
more complex nanowire structures. For example, in the case of core-shell nanowires, Au
incorporation into the nanowire during a high-temperature shell deposition has been observed
affecting n-type shell doping of GaAs nanowires.”® Finally, for many optoelectronic devices,
including nanowire-based solar cells, removal of metal seed particles may be necessary prior to
device fabrication to reduce reflection and eliminate non-radiative recombination centers.*’’

Self-seeded growth, in which one of the nanowire constituent elements is used as the seed
particle, circumvents the issue of possible contamination by eliminating the use of foreign seeds.
In the case of III-V nanowires, the group-Ill elements form seed droplets on the substrate and
drive the nanowire growth. Self-seeded nanowire growth has been demonstrated in several III-V
material systems, including InAs,%"%” InP 5% GaAs®’#' and GaP.** To date, the self-seeded
growth of GaAs nanowire arrays has been achieved by MBE.

Some early reports on self-assisted nanowire growth include growth of In-assisted InP by
Novotny and Yu in 20058 and growth of In-assisted In(As)P nanowires in 2006 by Mattila et
al.%5 According to the proposed nucleation and growth mechanism of self-assisted II1I-V
nanowire growth (Fig. 5); group-Ill material forms collector particles on the substrate and
nanowire growth occurs by solidification at the collector particle-nanowire interface, similar to
Au-assisted VLS mechanism.6¢ Some studies have discussed the necessity of a thin SiO» layer
(10A — 6nm) for self-assisted growth. The question becomes: how does the group-I1I particle
form and what is the role of the very thin silicon oxide layer? Mandl et al. asserted that the main

role of the SiOy layer is to immobilize the collector particles in well-defined areas.®® Morral et
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al. suggested that interaction of reactive gallium with SiO, pinholes induces formation of
nanocraters on SiO layer during pre-growth annealing, which are favorable areas for group-III
droplet formation. Other studies that use Si substrates etch the native oxide prior to growth and
still observe successful nanowire growth.8283 Currently, there is not a consensus on the role of
oxide layer, although most of the studies suggest that nanowire growth occurs via a VLS like
mechanism with group-III collector particle. After growth, depending on cooling conditions, the
particle may be observed at the top of the nanowire.67.81.8% Some studies do not observe the
particle, and it is suggested that during cooling, existence of group-V material in the reactor
results in crystallization of nanowire tip.66

Self-aésisted growth requires careful optimization of the growth parameters, such as
temperature, flow rates of precursors and relative ratio of group-V and group-11I precursor flow
rates (V/III ratio). Temperature affects the growth rate, decomposition of precursors, lateral
growth, desorption rate and diffusion length of adatoms in nanowire growth81. Usually, there’s a
limited temperature window in which nanowires can be grown®48485_ Below that temperature
window, decomposition of precursors imay not be sufficient for growth and/or mobility of
adatoms might be small and nanowire growth is not observed. Above certain temperatures,
adatoms do not stick to the substrate (they desorb before clustering)®. Flow rates are crucial
because they determine the growth rate, along with temperature. V/III ratio is also very
important, especially in self-assisted growth, as group-III rich conditions have been necessary for
growth of self-assisted nanowires81.86,

Self-assisted growth is a dynamic process as the collector particle consists of group-III
material and it is consumed during growth. Growth system would reach the steady state

conditions when the incorporation and extraction rates of group-111 material in the collector
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particle are equal. In the case of in situ deposited group-IIl particles, providing excess group-V
material can result in consumption of collector particle (group-IIl element) gradually, thus
collector particle volume decreases and nanowire diameter gets smaller along the length resulting
in tapered nanowires where bottom of nanowire is wider than the top of nanowire. This has been
observed for In-assisted InP nanowires grown by MOCVD®4. The opposite scenario occurs with
excess group-III material during growth, when growth is group-V limited as observed for Ga-
assisted GaAs nanowires grown by MBE. Excess group-llIl material accumulates in collector
particle, which results in volume expansion in the collector particle, and inverse tapered
nanowires are observed8l. Thus tapering in self-assisted mechanism can happen as a result of
VLS growth and careful optimization of growth parameters should be done to fabricate non-

tapered nanowires.

1.3. Outline of the thesis

This thesis is organized as follows: Chapter 1 motivates the study of nanowires and
introduces the topics of fabrication of nanowires using various top-down and bottom-up
methods. Growth mechanism of particle-seeded growth (vapor-liquid-solid mechanism) is
described in detail. In Chapter 2, we describe the methods used for the growth and
characterization of IlI-V nanowires. Growth is performed in metal organic chemical vapor
deposition (MOCVD). Structure, morphology, optical properties of nanowires was determined
with various electron microscopy and x-ray techniques. In Chapter 3, we discuss self-seeded
growth of GaAs nanowires by MOCVD and explain the nucleation and growth mechanisms.
Two-step growth with in situ deposition of Ga seed particles followed by GaAs nanowire growth
has been crucial in achieving reproducible high vertical yield nanowire arrays. In Chapter 4, we

build on self-seeded GaAs nanowire growth and explore the density and diameter control of
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nanowires. We use parameters such as seed deposition temperature and substrate orientation to
induce control of seed formation kinetics, which controls the nanowire density and diameter
kinetics. In Chapter 5, we extend the binary nanowire growth into ternary material system —
GaAsP. Ga-seeded GaAsP nanowires are grown in a similar method to GaAs nanowires and
more importantly we establish control of composition in GaAsP nanowires. Various techniques
such as energy dispersive x-ray spectroscopy, reciprocal space mapping and
cathodoluminescence are used to investigate the structure and composition of nanowires. In
Chapter 6, we conclude our work and describe potential future work that can be built upon this

knowledge we contribute to the field.
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Chapter 2: Experimental methods

In this chapter, we introduce the experimentél techniques used in this work to study self-
seeded III-V nanowire growth. First, self-seeded III-V binary and ternary nanowire growth by
metal-organic chemical vapor deposition (MOCVD) is described. Second, characterization of
morphology, structure, composition, and strain of nanowires using scanning electron microscopy
(SEM), transmission electron microscopy (TEM), energy dispersive x-ray spectroscopy (EDS),
and reciprocal space mapping (RSM) by x-ray diffraction (XRD) are presented. Lastly, optical

characterization of nanowires using cathodoluminescence (CL) in SEM is described.

2.1. Growth of self-seeded III-V nanowire by MOCVD

III-V binary and ternary nanowires (i.e. GaAs, GaAsP) were grown by MOCVD using Ga
(group-III element) as the seed particle to drive one-dimensional growth. Details of the
experimental setup, substrate preparation, and self-seeded nanowire growth conditions are

described below.

2.1.1 Maetal-organic chemical vapor deposition

MOCVD is a widely utilized technique for epitaxial growth of single crystalline
semiconductor nanowires on a range of substrates. MOCVD is commonly used in industry for
growths of thin films as large-scale wafers can be used and high growth rates are obtained at low
or atmospheric pressures. Therefore, research products such as controlled self-seeded nanowire
growth can be moved up to industrial scale once realization of desired structures is achieved at

smaller scale.
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Figure 2.1 Schematic of the MOCVD setup used in this work. Group-III precursor is
trimethylgallium (TMGa) and group-V precursors are arsine (AsH3) and phosphine (PH3).
Precursors and carrier gas (H;) are delivered to the reaction zone where nanowire growth

occurs. Reaction zone is heated to the desired growth temperatures by heating the
susceptor using IR lamps.

[1I-V nanowires were grown by a Thomas Swan CS62820 cold-walled horizontal-flow
MOCVD operated at atmospheric pressure. MOCVD can be described in two parts: (1) gas
delivery system and (2) reaction zone (Figure 2.1). Precursors and carrier gas are delivered to the
reaction zone where nanowire growth occurs. The precursors used for I1I-V nanowire growth in
this thesis are trimethylgallium (TMGa) as group-III precursor and arsine (AsHs) and phosphine
(PH;) as group-V precursors. Mass flow controllers (MFC) were used for precise control of flow
rates of gases.

Metal-organic group-III precursors are in a liquid phase and stored in bubblers. Temperature
of the bubbler determines vapor pressure, whereas carrier gas flow rate through the bubbler
determines the effective flow rate of group-III precursor vapors. TMGa flow rates reported in the
thesis are effective flow rates that were calculated from the vapor pressure and carrier gas flow
rates. The TMGa bubbler temperature was kept at 1°C. Group-V precursors have high vapor
pressures, therefore can be delivered as gas precursors from tanks (217 psi for AsH; and 507 psi

for PH; at 20°C)* and gas delivery lines are equipped with pressure regulators and MFCs.

36



TMGa and AsH; precursors were diluted to enable a greater range of flow rates during growth.
In addition to precursors, a carrier gas (H, or N,) was delivered to the reaction zone to stabilize
the flow of the gas mixture.

Reaction zone consists of a graphite susceptor that was locally heated by infrared emission
from halogen lamps. The quartz tube that encapsulates the reaction zone is at a lower
temperature compared to the susceptor. This cold-walled configuration enables reaction and
deposition of materials on substrates that are heated through the susceptor, and minimizes
deposition on quartz tube walls. Finally, all gases flow to exhaust where filters and scrubbers

treat unreacted precursors.

2.1.2 Self-seeded III-V binary GaAs nanowire growth

This section describes details of the experimental procedure used for the growth of self-
seeded GaAs nanowire.

Substrate cleaning. Prior to growth, GaAs (111)B, (111)A, and (110) substrates were cleaned
by sonication in acetone, methanol, and deionized water for 5 min each to remove any organic
contamination. After sonication, substrates were dried with compressed air and stored in
MOCVD glovebox under nitrogen environment.

Nanowire growth. Substrates were loaded into the MOCVD reactor. During heating, growth,
and cooling down to 350°C, H; carrier gas was flown at 15 slpm (standard liters per minute), and
the carrier gas was then switched to N, during cooling below 350°C. The growth procedure
started with annealing at 600°C for 10 min under H, flow. Following annealing, Ga seed
deposition was performed by flowing TMGa for one minute at temperatures between 500°C —
600°C with an effective flow rate of 1.67 sccm (standard cubic centimeters per minute), except

when noted otherwise. After Ga seed deposition, substrates were cooled to the growth
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temperature under hydrogen, and the nanowire growth was performed by flowing TMGa and
AsH; between 420°C — 435°C. Effective flow rates of precursors during growth range between
0.36 — 1.67 sccm for TMGa and 3.35 - 18.6 scem for AsHs, except noted otherwise. At the end
of the growth, both precursors were turned off and the chamber was cooled under hydrogen
ambient. The growth procedure is shown schematically in Figure 2.2. Experiments in section 4.2
and section 4.3 (density and diameter control by seed deposition temperature and surface
orientation) were cooled under AsH; and H- flow until 350°C.

Temperature (°C)

Ga
deposition
Annealing ]
600°C - ' / COO|Iﬂg
Nuc & Growth ==+ AsH, flow
420°C |-
TMGa flow
)
Time

Figure 2.2 Growth procedure schematic of a typical self-seeded GaAs nanowire growth.
Temperature profile is given by solid line and flow rates are represented by dashed lines.

2.1.3 Self-seeded III-V ternary GaAsP nanowire growth

Self-seeded growth of ternary GaAsP nanowires followed a similar procedure to the growth
of binary GaAs nanowires described above. In general, ternary nanowires were grown at higher
growth temperatures (450°C — 500°C) compared to the growth of binary nanowires (420°C —
435°C) to increase decomposition percentage of PH; and AsH; precursors. Also, AsH; was

flown along with H, carrier gas during heating, some part of annealing, and nanowires were
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cooled under AsHj;, PH; and H> gas flow until 350°C. While there was not substantial effect of
group-V precursor flow during heating, cooling under group-V precursor flow was performed to
follow general semiconductor processing practice.

Substrate cleaning. Prior to growth, GaAs (111)B substrates were cleaned by sonication in
acetone, methanol, and deionized water for 5 min each to remove any organic contamination.
After sonication, substrates were dried with compressed air and stored in MOCVD glovebox
under nitrogen environment.

Nanowire growth. Substrates were loaded into the MOCVD reactor. Throughout the heating,
growth and cooling until 350°C, H, carrier gas was flown at 15 slpm, then carrier gas was
switched to N, during cooling below 350°C. Growth procedure started with AsH; flow (3.35
sccm) above 350°C during heating. When reached to 600°C, annealing step was performed for a
total duration of 10 min, with gas flows of AsH; and H> during first 7 min and gas flow of only
H, during last 3 min. The last 3 minutes under H; also serve as a purge step between annealing
with AsH; and Ga seed deposition. Immediately after annealing, Ga seed deposition was
performed by flowing TMGa at 600°C with an effective flow rate of 1.67 sccm for one minute.
After Ga seed deposition, substrates were cooled to the growth temperature (450°C — 500°C)
under hydrogen, and the nanowire growth was performed in two steps. First, GaAs stem growth
was performed for 1.5 — 2 min by flowing TMGa and AsHj; at 1.67 sccm and 8.49 sccm,
respectively (V/III = 5). Second, GaAsP nanowire growth was performed for 3.5 — 10 min with
TMGa flow at 1.67 sccm and AsH; and PHj; total flow at 16.7 sccm (V/I1I=10). The percentage
of AsH; and PH3 was varied between 50% PH; — 100% PHj3 by keeping the total group-V flow at

16.7 sccm. After GaAsP nanowire growth, TMGa was turned off and the chamber was cooled
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under AsH; PH; and H, flow until 350C. Growth procedure is shown schematically in Figure

23.
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Figure 2.3 Growth procedure schematic of a typical self-seeded GaAsP nanowire
growth. Temperature profile is given by solid line and flow rates are represented by dashed
lines.

2.2. Structural and compositional characterization

To study the structure and composition of nanowires, we utilized electron microscopy and x-
ray diffraction techniques. The high resolution that can be achieved with electron microscopy
makes it a primary tool to study morphology and structure of nanoscale materials, including
nanowires. Furthermore, x-ray diffraction (XRD) is one of the most common tools to investigate
the crystal structure of thin films and we have applied this technique to investigate nanowire
crystal structure, which gives information about composition and strain in ternary nanowire, and

assessed the applicability of XRD to the study of nanowires.
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Figure 2.4 Various signal produced upon interaction of high-energy electron beam with
a sample. Using these signals, morphology, structure, chemical composition and optical
properties of the sample can be investigated.

Electron microscopy is a versatile tool due to various types of signals produced upon
irradiation of a sample with a high-energy electron beam. Morphology and crystal structure can
be investigated using secondary electrons, back-scattered electrons, scattered transmitted
electrons and transmitted electrons. Compositional analysis can be performed using
characteristic x-rays of elements. Optical properties such as band gap can be determined using

cathodoluminescence signal.

2.2.1 Scanning electron microscopy (SEM): morphology, density, diameter and length of
nanowires

Morphological properties of nanowire arrays were investigated using scanning electron

microscopy (SEM). Using SEM images, we determine morphology. density of nanowire arrays

and diameter-length of single nanowires.
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In electron microscopy, a beam of accelerated electrons is focused on a sample using
electromagnetic lenses. Upon interaction of electron beam with the sample, various signals are
produced. One of these signals is secondary electron signal, which are the electrons that have
energy less than 50 eV (Figure 2.4). Among the secondary electrons generated as a result of
interaction of the electron beam with the sample, only secondary electrons that are close to
sample surface can escape. Furthermore, yield and detection of secondary electrons is sensitive
to the sample topography such that larger number of secondary electrons escape from
discontinuous vs. flat surfaces. Therefore, we utilized secondary electron imaging to assess the
morphology of nanowire arrays on substrate.

SEMs used in this study were FEI Helios NanoLab 600 Dual Beam Microscope and Zeiss
Merlin High Resolution SEM, both operated at accelerating voltage of 5kV. Images were
collected at top-view and 45° tilt conditions. The areal density and homogeneity was obtained
from top-view images, whereas diameter and length of nanowires were measured from 45° tilted
SEM images. Sample preparation in our case was not required for SEM imaging because as-

grown nanowire arrays on substrate can be directly imaged.

2.2.2 Transmission electron microscopy (TEM): structure of nanowires

When a highly accelerated electron beam irradiates a thin sample, transmitted electron beam
conveys information about the crystal structure of the sample. In TEM, we use transmitted and
diffracted electrons to form an image and generate diffraction pattern of the crystal.

Nanowire structure was investigated using JEOL 2010F TEM operated at 200 kV. Bright
field imaging, high-resolution imaging, selected area diffraction and energy dispersive x-ray
spectroscopy (EDS) are the different modes utilized to investigate nanowire structure. EDS is

described in the next section in more detail.

42



Sample preparation. Two types of TEM samples were prepared either by mechanically
removing nanowires from the substrate or by polishing nanowires on the substrate using focused
ion beam (FIB). First, nanowires were removed from the growth substrate by placing a carbon
lacey TEM grid upside-down onto the substrate and gently sliding it. The nanowires broke from
the substrate and were transferred to the grid horizontally. Because nanowire diameter varies
between hundreds of nanometers to tens of nanometers, the thickness of the sample is
appropriate for TEM imaging without further thinning. Second, cross-sectional TEM samples
were prepared using an FIB lift-out method. Lift-out was performed in FEI Helios 600 focused
ion beam (FIB) microscope using the following procedure: nanowire arrays were loaded into the
microscope and a protective layer of platinum was deposited on the region of interest using first
electron beam and then Ga ion beam. Then, Ga ion was used to etch trenches around the region
of interest to create a lamella. A high precision probe was inserted and the lamella was first
welded to a probe and then separated from the substrate. Lifted-out lamella was transferred to a
TEM grid and Ga ion beam etching was performed at 30 kV to thin down the lamella. Lastly,
sample was thinned with 5 kV Ga ions to remove amorphous regions that are produced during
high-energy etching. With this method, we have produced TEM samples used to study the

interface of substrate and nanowire base.

2.2.3 Energy dispersive x-ray spectroscopy (EDS): nanowire composition

Characteristic x-rays can be utilized to identify elements present in the sample and quantify
its composition. When a high-energy electron beam ejects one of the inner-shell electrons of an
atom, it leaves a hole that is filled with an outer-shell electron. During the process, the difference
between outer-shell and inner-shell energies may be emitted as a photon, which is referred as

characteristic x-ray (Figure 2.4); or this energy can be transferred to another outer shell electron
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causing it to be ejected from the atom, where ejected electron is known as Auger electron. The
probability of x-ray emission instead of Auger electron emission increases with increasing
atomic number of elements.*® Since inner-shell and outer-shell energies are specific for every
element, emitted x-rays energies can be associated with an element. The spectra of x-ray counts
with respect to energy can be used to identify the elements of the sample and quantify the

composition (Figure 2.5).
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Figure 2.5 EDS spectrum of GaAsP nanowire showing characteristic x-ray energies of
Ga, As, P elements emerging from nanowire and Cu element emerging from TEM grid.

In this work, we combined scanning transmission electron microscopy (STEM) imaging with
EDS measurements to determine the composition of I1I-V ternary nanowires. JEOL 2010F TEM
can be operated in STEM mode where incident electron beam is converged to have a probe size
less than 1 nm, instead of the parallel electron beam used in TEM imaging. When EDS is
coupled with STEM, converged beam is scanned over the sample to collect x-rays from specific
areas. This way, x-ray spectra can be obtained as a point measurement, linescans or elemental
maps of a region. EDS analysis is performed using x-rays with energies from 0-20 keV. In
GaAsP, we use the K-series of characteristic x-rays (K, and Kp at 9.225-9.252 keV and 10.260-
10.264 keV for Ga, 10.508-10.544 keV and 11.720-11.736 keV for As, and 2.013-2.014 keV and

2.134 keV for P, where the range denotes the peaks for a; and o, or 1 and B, transitions. In EDS
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spectra, o; and a transitions and B, and P transitions overlap and show a single peak. The
energy range should be above the highest characteristic x-ray energy of the elements of interest,
in our case arsenic (characteristic x-rays of arsenic, K, and Kg are at 10.5 keV and 11.7 keV.¥ as
shown in Figure 2.5).

We have performed three types of analysis using EDS-STEM: point spectra, line spectra and
elemental maps. Each of this analysis gives information about the composition of the nanowires;
however, the advantage of each analysis varies such that point spectra can be quantified directly
and reliably, line spectra can show the distribution of elemental x-ray counts with high precision
whereas elemental maps can show the distribution of elements in an area with lower count rates
per pixel compared to line spectra. Point spectrum is collected when the electron beam is fixed
on a single spot and x-rays are collected for a certain time. In general, at least 1000 counts were
collected for reliable statistics and quantification. Collection and quantification of EDS spectra
was performed by INCA software. An important advantage of the point spectrum analysis is that
INCA software takes into account thickness and density of the sample to accurately quantify the
spectrum. In our analysis, point spectra were taken from the nanowire center such that the
thickness is estimated as the nanowire diameter. The density was estimated from the densities of
GaAs (5.32 g/em’) and GaP (4.14 g/cm’). An important point in quantification is the relative
amount of group III (i.e. Ga) and group V (i.e. As and P) elements — where we expect Ga atomic
percentage to be 50%. When EDS quantification gives 50+2% for Ga atomic percentage, the
quantification is regarded as accurate. The composition values of nanowires were calculated
from EDS point spectra. For each nanowire, 4-10 point spectra were quantified and averaged to

give the average composition of the nanowire. This was repeated for multiple nanowires (5-10)
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and an average composition and standard deviation for a specific nanowire growth was obtained
by averaging compositions of multiple nanowires.

EDS linescans were collected to analyze the distribution of phosphorus along the nanowire
diameter or length. This gives information about the homogeneity of P incorporation. It should
be noted that, due to hexagonal shape of nanowire cross section and tapered morphology of
nanowire length, the thickness of x-ray collection changes during line-scan along diameter and
length, respectively. Furthermore, raw data of linescans report the x-ray intensity with respect to
position. However, x-ray intensity of an element can be affected by preferential absorption of x-
rays from one of the elements in the sample that can occur under three conditions; i) when
sample is too thick, ii) if an element of the sample has characteristic x-ray energy less than ~1-2
keV, or iii) when characteristic x-ray energies of elements differ in energy by > 5-10 keV.* In
linescans of GaAsP nanowires, the changes in thickness could affect the amount of x-ray
absorption by the sample, and when that is the case, characteristic x-rays of P are likely to be
preferentially absorbed more than Ga and As due to low energy of x-ray emission of P (at 2.01-
2.14 keV). Therefore, we use the raw data of linescans to observe the trends of x-ray intensity
rather than for quantification purposes.

Elemental maps were collected to analyze possible segregation of elements. However, it
should be noted that to attain a reliable elemental map, one should collect sufficient number of x-
ray counts. While this can be achieved by increased collection time, the spatial resolution of the
map could be affected by sample drift over time. Therefore, this technique was used with caution

and we used it to determine possible major compositional segregation in the nanowire.
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2.2.4 High resolution x-ray diffraction (XRD) reciprocal space mapping (RSM) to
determine strain and composition

In this section, the method of using x-ray diffraction for reciprocal space mapping (RSM) is
described. Also, the equations to calculate composition and relaxation based on RSM are given.

RSM was collected using Bruker D8 high resolution XRD with incident wavelength of Cu
Ko (A=1.540562 A) equipped with Bruker Lynxeye linear array detector with an angular
resolution of 0.014°. We performed two-dimensional 2theta-relative omega scans for various
omega values. RSM was analyzed by using DIFFRACplus LEPTOS 7 software. These two-
dimensional maps show the diffraction intensity of crystal planes of interest. The position of
crystal plane peaks in reciprocal space contains information about lattice mismatch in lateral and
normal directions. Then, lattice mismatch between substrate and nanowires is used to calculate

composition and relaxation as described below.

Figure 2.6 Schematic of the x-ray diffraction setup for reciprocal space mapping of
(422) plane of a sample with <111> normal. X-ray beam incidence angle (@), exit angle
(w") total scattering angle (26), angle between the surface normal and scattering vector (7),
and angle between surface normal and scattering plane (¢) are shown.

The LEPTOS software converts 2theta — omega maps to ¢, — g- maps using following
relations:”’

qx = —2K sin B y sin Tg y
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q; = 2K sin By cos Ts 5
where K is the wave vector of the incident x-ray beam, 65y are Bragg angles for the substrate and
nanowire, respectively, 7y are the angles between the surface normal and the scattering vectors

(Figure 2.6), respectively, defined as:

p wsy + ws N
SN = >
_ W5y — WsN
TsN = 2

The lateral and normal lattice mismatch can be calculated as following:

Aa  sinég cos @g
a  sinfy cos @y

Ac  sinfg sin @g
c  sin Oy sinpy

T
where @g y = >~ Tsn-
Combining the equations above, the relationship of mismatch to g, and ¢. becomes:

Aa g3 —qx

A1
a Yx

Ac q;—q;
c gk

Using the mismatch values, the strained nanowire lattice parameters can be found from

lattice constant of substrate, as.
< )
ay = a
N S a

Ac
Cy = Qg (—" + 1)
c
Even though GaAsP nanowire is a cubic material, due to biaxial strain, it is expected to

undergo a transformation to a rhombohedral unit cell (or a pseudo-hexagonal unit cell when
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viewed along <111> direction) near the interface. The relaxed nanowire would have only one
lattice constant, a”y, because of its cubic crystal structure.

The lattice mismatch exerts a biaxial isotropic in-plane strain. From anisotropic elastic
theory, biaxial strain with zero stress perpendicular to the interface and no mismatch shear
strains at the interface, strain tensor components along lateral and normal directions are related

via Poisson’s ratio of the material for a cubic material:

2v
1 -V exx
This relationship is valid for cubic or tetragonal materials, and Poisson ratio along normal
direction of the biaxial strain should be used. &, and &.. correspond to strain along lateral and

normal directions, respectively. For growth direction of <111>, GaAs;,P, Poisson ratio is

calculated by using Poisson ratio along <111> direction for GaAs and GaP via Vegard’s law.

Vgaasp(X) = (1 = X)Vgaas + XVgap

e _ aN - aN
pod a[]s

. v aX
ZZ aﬁ

The lattice constants of the strained nanowire, ay and cy were calculated using RSM. To find
the strain and relaxed composition, equations above can be solved numerically and composition,
x, can be determined.

Relaxation of nanowire is calculated using lateral lattice constant difference between strained

nanowire and relaxed state with respect to the substrate lattice constant.

ay — dg
R=—f/—
aN'—aS

49



The (422) reflection with grazing incidence was selected for several reasons. Firstly, to
determine the strain and composition of a layer together, asymmetrical reflections should be
considered. An asymmetrical reflection is a plane reflection that is not perpendicular to the
growth direction (for example (333) reflection is a symmetrical reflection for <111> growth
direction). Symmetrical reflections can only be used to determine lattice constant along the
growth direction, but do not contain information about the strain state. However, an
asymmetrical reflection of a plane contains both the lattice constant and relaxation information.
An asymmetrical reflection can be collected by grazing incidence or grazing exit angles. Grazing
incidence denotes that the incidence of x-ray beam is a small angle. This is especially useful for a
thin layer sample or a low-density sample (i.e. nanowire array) because the thickness of the
irradiated sample would be small, therefore the diffraction intensity from the surface layer (i.e.
nanowire) and substrate would be comparable. Otherwise, substrate diffraction intensity may

dominate the data.

2.3. Optical characterization of nanowires using cathodoluminescence (CL)

Optical properties of nanowires were investigated using cathodoluminescence coupled with
SEM (CL-SEM). The process of light emission from sample due to electron beam irradiation is
called cathodoluminescence. When a semiconductor sample is irradiated with an electron beam,
electrons in the valence band are excited to conduction band and an electron-hole pair is created.
This electron-hole pair undergoes radiative recombination in direct band gap semiconductors and
the energy difference between the conduction band and the valence band is emitted as a photon.
The energy of the photon corresponds to the band gap of the material at room temperature and
this type of emission is called band edge emission. Therefore CL gives information about the
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band gap of the material. For ternary semiconductors, the band gap is dependent on the

composition; therefore indirect information about composition can be achieved using CL-SEM.

Measurements were performed in SEM operated with 15 kV accelerating voltage and 1.3 nA
beam current. Different types of measurements were carried out to determine the band gap of
nanowires. Panchromatic CL (PanCL) maps were collected to obtain the map of light emission
from the sample to detenﬁine radiative recombination regions. Monochromatic CL. (monoCL)
maps were collected to map the regions with a specific emission wavelength. Apart from the
emission maps, point spectra were collected both at room temperature and liquid nitrogen

temperature.
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Chapter 3: Binary material system - GaAs nanowire

growth

This chapter demonstrates the growth of self-seeded binary GaAs nanowires using metal-
organic chemical vapor deposition (MOCVD). Two-step growth has been crucial to achieve Ga-
seeded GaAs nanoWires, where in situ deposition of Ga droplets is followed by growth of GaAs
nanowires. Single crystalline nanowires exhibit epitaxial relationship with the substrate and have
a tapered morphology — nanowire diameter gets smaller towards the tip of nanowire. Based on
structural investigations of the nanowire/substrate interface and nanowire tapering, a growth
model of self-seeded growth is developed. Ga-seeded GaAs growth establishes important
groundwork for the growth of III-V nanowires and the knowledge developed in this section can

be transferred to other binary and ternary I1I-V materials systems.

3.1. Introduction

Among various methods used for growth of nanowires, a versatile and common approach is
vapor-liquid-solid (VLS) growth, described in more details in 0. In short, in the VLS mechanism
a seed particle mediates one-dimensional nanowire growth by acting as a collector of nanowire
precursors and layers of solid nanowire preferentially nucleate and grow at the particle -
nanowire interface. For I1I-V nanowire growth, VLS method has been realized using a variety of
seed particles including foreign metal seeds such as Au,**° Ni,*'*? Cu® or Pd,**>® . While

VLS method with foreign metal seed particles has been a common choice for nanowire growth,
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. . - . . . 5 .
incorporation of metal atoms into nanowires during the growth” and/or post-processing can

70 as detailed in the Introduction.

affect the nanowire optoelectronic properties

Self-seeded growth, in which one of the nanowire constituent elements is used as the seed
particle, circumvents the issue of possible contamination by eliminating the use of foreign seeds.
During growth of I1I-V nanowires, the group-Ill elements (i.e. Ga, Al, In) form seed droplets on
the substrate and drive the nanowire growth. Self-seeded nanowire growth has been
demonstrated in several III-V material systems, including InAs,**"% InP.*** GaAs®"®' and
GaP.** Self-seeded growth of GaAs nanowire arrays has been demonstrated by molecular beam
epitaxy (MBE); however, we have achieved Ga-seeded GaAs nanowire growth using metal-
organic chemical vapor deposition (MOCVD), where higher growth rates and scalability can be
achieved.

In this work, we focus on GaAs nanowire growth due to technologically appealing properties
of GaAs material system. The intrinsic properties of GaAs, including a direct bandgap of 1.42 eV
— suitable for realization of solar cells with theoretical efficiencies up to 32.8%° — and a high
electron mobility (8800 cm?/V.5).” make GaAs a suitable material system for a number of
applications including solar cells, high electron mobility devices, and lasers. Furthermore, the
ability to alloy GaAs with other materials such as P, Al, and In enables an access to a wide span
of tunable optoelectronic properties such as band gap energies. The knowledge developed during
self-seeded GaAs nanowire growth by MOCVD becomes a crucial for the growth of GaAs based
ternary nanowires.

Despite the recent success in MBE growth of self-seeded GaAs nanowires, self-seeded

growth of GaAs nanowire array by MOCVD has shown limited progress, although MOCVD is

an industrial-scale technique that can yield high growth rates and high nanowire throughput.



Early studies have shown the premise of Ga as a seed material®® and GaAs nanowire growth was

achieved on SiQ, %

or bare GaAs substrates;’® however alignment, morphology or density-
diameter control of nanowire arrays were limited. Although diameter and position controlled
nanowires has been grown without a seed particle by selective area epitaxy (SAE) in MOCVD,
this method requires mask pattern layer to drive one-dimensional growth of nanowires.*®®’

In this chapter, we demonstrate self-seeded growth of binary GaAs nanowire arrays and in
the Chapter 4: we demonstrate controlled density and diameter on GaAs substrates without any
mask or oxide layer and using MOCVD. We show that the growth of nanowires and the resulting
morphology depend on the balance of incorporation and extraction rates of Ga into and out of the
Ga droplets. By decoupling seed deposition and nanowire growth steps, we achieve successful

nanowire growth. Analysis of our results demonstrates that this technique is general and can be

applied to other self-seeded III-V nanowires.

3.2. Ga-seeded GaAs nanowire growth

In this work, Ga-seeded GaAs nanowires were grown by MOCVD using a two-step growth:
in the first step Ga seed droplets were deposited by flowing TMGa at elevated temperatures and
in the second step nanowire growth was performed by flowing TMGa and AsH3. In this section,
we show the evolution of the growth in each step and propose a growth model to explain
nanowire morphology.

Ga-seeded GaAs nanowire growths were performed on GaAs substrates with (111)B surface
normal. Substrates were cleaned to remove organic contamination and loaded into MOCVD.
First, substrates were annealed at 600°C under H, carrier gas to remove native oxide of the
substrates. After annealing, in situ deposition of Ga seed particles was performed by flowing
TMGa at 600°C for 1 min. Following seed deposition, temperature was dropped for nanowire
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growth and TMGa and AsH; are flown together for GaAs nanowire growth and reactor was
cooled. Details of growth conditions are given in section 2.1.2.

Ga seed deposition. Prior to discussion of GaAs nanowire growth, in situ deposition of Ga
seed particles in the first step was confirmed by a separate experiment where TMGa is flown
(0.36 standard cubic centimeters per minute, sccm) on GaAs (111)B substrate at 420°C for 1 min
and sample was cooled immediately under H, flow. Figure 3.1 shows SEM images of Ga seed
particles that were formed as a result of TMGa flow. It should be noted that control of Ga seed

diameter-density using the seed deposition parameters can be achieved, discussed in Chapter 4:.

Figure 3.1 Ga seed formation by in situ deposition. SEM image of Ga droplets formed
on the GaAs (111)B growth substrate immediately after the Ga deposition step at 420°C.

Gads nanowire growth. Figure 3.2a shows the resulting morphology of as-grown self-seeded
GaAs nanowires grown on GaAs (111)B substrate at 420°C with V/III ratio of 2. The majority of
nanowires exhibits an epitaxial relationship with the substrate resulting in vertical nanowires on
the substrate and is observed to have two distinct regimes of tapering (diameter change per
length), as shown in Figure 3.2b. At the nanowire base, significant tapering is observed followed
by a discrete reduction in tapering that is maintained throughout the nanowire growth. We

suggest that the observed morphology evolves through the following steps (Figure 3.2¢): (i) Ga
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droplet formation starts as a result of effective in situ TMGa deposition at higher temperatures
(500°C — 600°C);”® (ii) after engaging both precursors (TMGa and AsHs) at 420°C — 435°C,
GaAs nanowires start to nucleate preferentially at the Ga seeds and the Ga droplets transform
into GaAs bases; (iii) after the base formation, nanowire growth occurs as a result of TMGa and

AsHj3 supply, and the nanowire growth ceases when Ga droplet is depleted.

c) Seed Nanowire Growth

particle Ga incorporation

NV
As-—-rmf--As

Ga seed
deposition Nucleation

Figure 3.2 Self-seeded nanowire growth. (a) SEM image of a GaAs nanowire array
showing the alignment of nanowires on the GaAs (111)B substrate. (b) SEM image of a
single nanowire taken at 45° tilt showing the nanowire morphology with two regions (base
and nanowire) that have distinct tapering rates. (c) Nanowire growth schematic; in situ Ga
seed deposition is followed by nanowire nucleation and growth. The balance of Ga
incorporation into the seed particle and Ga extraction from the seed particle determines
the tapering of the nanowire during growth. Nanowire length and diameter is denoted as /
and d, respectively.
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Necessity of two-step growth. It has been crucial to separate seed deposition temperature and
nanowire growth temperature in Ga-seeded GaAs nanowire growth by MOCVD to achieve high
yield of vertical nanowires with epitaxial relationship to the substrate. Nanowires were grown at
lower temperatures (<500°C) to promote preferential nucleation at the seed particle — substrate
interface. Our initial attempts to perform seed deposition and nanowire growth both at the low
temperatures (such as 420°C) have resulted in mostly kinked nanowires, suggesting seed particle
instability during growth. In rare cases vertical nanowires with epitaxial relation to the substrate
were grown (Figure 3.3a); however, uniformity and reproducibility of these growths could not be
accomplished, Figure 3.3b. In these growths, seed deposition temperature and nanowire growth
temperature were the same (420°C), Ga seeds were deposited by flowing TMGa (0.836 sccm) for
1 min and GaAs nanowires were grown for 20 min by flowing TMGa (0.836 sccm) and AsH;
(3.350 sccm) on GaAs (111)B substrate. Therefore, even though Ga seed particles can be
deposited at lower temperatures (i.e. 420°C) as shown in Figure 3.1, subsequent nanowire
growth attempts have resulted in successful growths for a small portion of substrate and
repeatability and substrate uniformity of growths has been problematic. At first glance, kinked
nanowire growth (Figure 3.3b) might be attributed to the growth conditions that are not
optimized. However, nanowire growths with a wide span of growth conditions had resulted in
similarly kinked nanowires. On the contrary, when seed deposition is performed at high
temperatures (500°C — 600°C) and nanowires are grown subsequently at lower temperatures
(420°C - 450°C), high yield of vertical nanowires with epitaxial relationship with the substrate
are achieved for every growth of sufficient growth duration, such as Figure 3.2a. Therefore, for
optimized Ga-seeded GaAs nanowire growth, seed deposition has been performed at high

temperatures.
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Figure 3.3 Effect of low seed deposition temperature on repeatability of nanowire
growth. (a, b) SEM images of different GaAs nanowires growths performed at the same
seed deposition temperature and growth temperature (420°C) and same precursor flow
rates. Repeatability of growths is unachievable in the case of low temperature seed
deposition conditions.

As demonstrated above, a two-step growth — where Ga seed deposition is performed at
higher temperatures and nanowire growth is performed at lower temperatures — is required for
epitaxial nanowire nucleation and stable Ga droplet to prevent kinking along the nanowire. We
attribute the requirement for high temperatures during Ga seed deposition to two aspects of
group-111 droplet formation and kinetics. First, temperature plays a role in decomposition of
TMGa precursor during the seed deposition. Comparing MBE and MOCVD growth of self-
seeded GaAs nanowires, different temperatures for seed deposition and nanowire growth are not
necessary during MBE growth. However, MOCVD requires TMGa decomposition to form Ga
adatoms. Therefore, higher temperatures are required for effective TMGa decomposition”®
during the seed deposition step compared to the nanowire growth step, when the temperature is

lowered to confine precursor decomposition only at the seed particle. High temperatures also

promote thermodynamic equilibrium between the Ga seed particle and the substrate. Second, Ga

59



droplets have temperature-dependent physical mobility; between ~610°C — 630°C Ga droplet
mobility is at its lowest, whereas below 600°C or above 630°C the droplet mobility increases.”
The Ga droplets in the study were formed by excess evaporation of arsenic during high
temperature annealing of GaAs in vacuum. Our seed deposition and nanowire growth conditions
are different from this study that observes temperature-dependent Ga mobility,” such that Ga
droplets are deposited in H, ambient at atmospheric pressure rather than formed by accumulation
of Ga due to excess arsenic evaporation. However, if Ga droplets are stable when deposited at
temperatures near 600°C and can retain stability (immobility) due to effects such as equilibrium
of chemical potentials of Ga between GaAs substrate and Ga droplet, an enhancement of
epitaxial vertical growth at nanowire growth temperatures (420-450°C) can be achieved, as we

observed in our growths (Figure 3.2a-b).

3.3. Nucleation and growth of nanowires

To gain a better understanding of nanowire nucleation and growth mechanisms, we
investigated the base and nanowire body using cross-sectional TEM structural analysis (Figure
3.4). First, a TEM sample was prepared using focused ion beam (FIB); a cross-sectional lamella
of GaAs nanowire on the substrate was thinned and lifted from the substrate and attached to a
TEM grid. Further thinning was performed to achieve electron-transparent thickness and low
voltage thinning was performed to remove amorphous regions caused by the beam damage. With
this technique, we obtained a TEM sample that shows the interface between the substrate, base
and nanowire.

Cross-sectional TEM image of a nanowire on the GaAs substrate is shown in Figure 3.4a.
The base has an epitaxial relationship with the substrate and is single crystalline, free of stacking
faults and twin planes (Figure 3.4b, c). The selected area diffraction (SAD) pattern obtained from
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the base and substrate region (Figure 3.4d) shows a zincblende single crystal structure with a
<111> growth direction and no twinning reflections were observed. In contrast, the SAD pattern
from the nanowire region (Figure 3.4e) exhibits double-spot features, a signature of twin planes

in this region.

overgrowth

Coherent overgrowth

"

Defective overgrowth

9oherent overgrowth

-—

Defective overgrowth

Figure 3.4 Structure of the nanowire base region. (a) Cross-sectional TEM image of the
nanowire base and substrate. Outside of the nanowire base, defective overgrowth layer can
be seen. The red box outlines the base-substrate junction, shown in high magnification in
(b) and (c). The green and orange boxes outline the regions used to obtain SAD patterns
from the base and nanowire, respectively. (b-c) High resolution TEM images of the
interface between the base and substrate, taken along (10-1) zone axis. Base region is
defect-free whereas a defective overgrowth layer can be seen outside of the nanowire base.
(d-e) SAD patterns from the base (d) and nanowire (e) regions. Twinning planes in the
nanowire cause double spots seen in the nanowire SAD pattern. (f-g) Schematic
representation of two possible base formation mechanisms: base formation occurs as a part
of the nucleation process (f) or as a result of preferential sidewall deposition at the
substrate-nanowire junction (g).
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Investigation of the structural quality at the interface can help us understand base formation
mechanism. Two possible mechanisms that can explain the base formation are: (1) base
formation occurs during nucleation (Figure 3.4f), or (2) base formation occurs as a result of
preferential sidewall deposition at the nanowire-substrate junction (Figure 3.4g). These
hypotheses can be examined by the extent of the parasitic overgrowth at the base-substrate
interface where nucleation occurs. From higher magnification images obtained at the edge of the
base-substrate region (as shown in the red box in Figure 3.4a and at higher magnification in
Figure 3.4b), we observe that the overgrowth layer — which appears as a darker contrast due to
the presence of defects — stops at the base edge and the base/substrate interface is free of defects
(Figure 3.4c). Simultaneously with the nanowire growth, a parasitic thin film overgrowth on the
substrate occurs via excess adatoms that do not contribute to the nanowire growth. This thin-film
overgrowth layer has a lower growth rate than the nanowire base because of lower nucleation
probability on the bare substrate than below the seed particle, and is defective due to non-
optimized conditions for thin film growth. If the base formation occurs as a part of the nucleation
process (schematically shown in Figure 3.4f), the parasitic overgrowth layer would be observed
on the substrate but not in the base region. However, if the base formation occurs due to
preferential sidewall growth at the substrate-nanowire junction during the growth, as depicted in
Figure 3.4g, the defective overgrowth layer would also be observed in the base region. Cross-
sectional TEM study in Figure 3.4a-c shows that overgrowth layer does not extend into the base
region, suggesting that the operating mechanism is as depicted in Figure 3.4f, and that base
formation occurs as a part of the nucleation process.

In contrast to the defect-free structure of the base, structural analysis of the nanowires above

the base (Figure 3.5) reveals the presence of rotational twin planes perpendicular to the nanowire
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growth direction. The sidewalls of the self-seeded GaAs nanowires have a zigzag structure when
viewed along the [10-1] zone axis (Figure 3.5a-b) due to a change of sidewall direction after
each twin plane. The SAD pattern (Figure 3.5¢) confirms the zincblende crystal structure of the
nanowires and growth along the <111> direction, whereas the observed double spot structure in
the SAD pattern is caused by symmetry in the crystal structure due to twin planes.”'"" This

observation of twin planes along the <I11> growth direction is consistent with twinning

62,100-103

commonly observed in 11I-V nanowires.

Figure 3.5 Structural analysis of the nanowires. (a) Bright field TEM images of GaAs
nanowires along the [10-1] zone axis. (b) High resolution TEM image showing rotational
twins. (¢) SAD pattern obtained from the region shown in (a) with double spot structure as
a result of rotational twins.
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3.4. Nanowire morphology: Tapering

Self-seeded GaAs nanowires grown using MOCVD have tapered nanowire morphologies
where nanowire diameter narrows towards the tip of the nanowire. To understand the tapering of
nanowires, we investigate the nanowire length (/) as a function of starting nanowire diameter (d),
and define tapering ratio as 7'=d/l. Figure 3.6 shows the length-diameter relationship for three
different growths with the same V/III ratio, but with different seed deposition conditions
(temperature and TMGa flux, as denoted in the graph legend) that yielded nanowire diameters
from 250 nm to 1.7 um. (We note that smaller TMGa flux during seed deposition results in less
dense nanowires with smaller diameters). For each growth the length — diameter relationship
follows a linear trend, meaning the tapering rate is similar irrespective of starting nanowire -
diameter. Furthermore, the length-diameter relationship among different growths with the same
V/III ratio follows a linear trend up to the starting nanowire diameters of ~1.2 um, meaning the
tapering rate is similar between growths and determined by the growth conditions rather than
seed deposition conditions. The nanowires with starting diameters larger than ~1.2 um show a
slight deviation from the linear relationship; however, this may be due to the lower areal density
in larger diameter regions, which can alter local growth conditions. Here, nanowire diameter and
length is measured from base/nanowire interface (the inset of Figure 3.6) where there is a
discrete reduction in tapering that is maintained throughout the nanowire length, compared to

significant tapering at the base.
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Figure 3.6 Length-diameter relationship. Length of nanowires (I) vs. starting nanowire
diameter (d) for growths performed with the same V/III ratio, but with different seed

deposition conditions (“temperature” refers to the seed deposition temperature, whereas
“TMGa” refers to the flow rate of Ga precursor during the 60 s Ga seed deposition step).

The tapering rate is determined by the balance of Ga incorporation into the seed particle and
its extraction out of the seed particle, dictated by the TMGa and AsH3 flow rates, respectively
(Figure 3.2c). When the incorporation rate of Ga is smaller than extraction rate, Ga is depleted
from the seed, which shrinks and consequently yields a tapered nanowire morphology. For a
given growth, the tapering rate 7'=d/l depends on the growth parameters and is similar
irrespective of starting nanowire diameter (Figure 3.6), which we successfully modeled by a
simple incorporation and extraction mechanism of elements from the seed particle in the growth

model section 3.5.

3.5. Growth Model

We model the nanowire growth and tapering for the self-seeded growth mechanism to

explain the constant tapering as a function of growth parameters. Here, to understand the
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evolution of the tapering, we define diameter change per length change as Ad/Al. The nanowire
diameter is constrained by the seed diameter that depends on the incorporation and extraction
rates of Ga into and out of the seed particle:

AVIAt=1-FE

Equation 3-1

where V' is the volume of the seed particle, ¢ is the time, / and E are incorporation and extraction
rates, respectively, in pm’/min. The nanowire length change depends upon the growth rate, G
=Al/At, measured in pm/min. Assuming the seed particle mostly consists of Ga due to low
solubility of As in the Ga liquid and the growth rate is not dependent on the nanowire diameter (a
reasonable assumption for large diameter nanowires), we can express the tapering for a
hemisphere seed particle as:

AdIAl=(I-E) | (Vs & G)

Equation 3-2

where the dominator (% 7 d”) describes the relation of the seed volume to the seed diameter

(AV/Ad) for a hemispherical particle. Therefore tapering (Ad/Al) has a negative value when

incorporation is less than extraction, and nanowire diameter gets smaller towards the tip of the

nanowire. This relation can be further generalized by normalizing the incorporation ratio, /, to

the seed particle surface area, and obtaining incorporation rate per area, &, in pm/min:
k=1/(4nd)

Equation 3-3

We can also relate G and E by the area of the seed/nanowire interface, suchthat E=G * (Van
&). Inserting these relations into Equation 3-2, we obtain:
Ad/INl=2kIG -1

Equation 3-4
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This result shows that the tapering rate is a function of the growth parameters &
(incorporation rate per area, in pm/min) and G (growth rate, in um/min), which depends on the
precursor fluxes and the growth temperature, and it is independent of the starting diameter, as
experimentally measured and shown in Figure 3.6. It should be noted that this growth model can
be further refined by taking into account (i) non-hemispherical seeds, where the contact angle is
not 90°, (ii) molar volume differences of Ga and GaAs when relating the extraction rate of Ga
(E) to the growth rate of GaAs nanowire (G). For example, for a seed particle with a contact
angle of 110°, and including the molar volume differences of Ga and GaAs, the tapering relation
becomes Ad/Al = 1.69k/G — 0.23. Upon refinement of the model, the tapering is still dependent
upon the growth parameters £ and G, and independent of the starting diameter. We note that
increase of TMGa flow rate would be expected to increase both k and G, and increase in AsH;

flow rate would increase G while also affecting TMGa decomposition kinetics,'*

thereby
increasing & indirectly. Therefore, reducing the tapering rate of nanowires by changing flow rate

of a single precursor is not anticipated due to complexity of precursor decomposition kinetics.

3.6. Investigation of radial shell growth

Whereas nanowires grow in the VLS mechanism through the seed particle, excess precursor
adatoms can decompose along the nanowire sidewalls and deposit directly onto the sidewalls
from vapor phase via vapor-solid (VS) radial growth. Optimized growth conditions, such as low
nanowire growth temperatures to minimize precursor decomposition on the sidewalls and low
V/III ratios to increase the surface diffusion of group-IIl adatoms, can inhibit radial growth.
Under optimized growth conditions, TEM images of nanowire sidewalls showed smooth facets
free of defects that changed direction as a result of twin planes (Figure 3.5). However, in the case
of the VS radial growth, twin planes along the nanowire can be a nucleation point for defective
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layers in the radial direction. To investigate structural quality of the radial layers, we have
intentionally implemented radial growth by continuing the precursor delivery for 10 min after
seed particle is consumed (when VLS growth is completed). Nanowire morphology does not
change significantly during longer growth, since the seed-mediated growth is completed after the
Ga seed particle is consumed. However, a slight increase in nanowire diameter is observed as a

result of the additional 10 min growth.

Figure 3.7 Effect of radial growth on the nanowire structure investigated by TEM. (a)
Bright field TEM images of GaAs nanowires along the [10-1] zone axis. (b) High resolution
TEM image showing defective radial growth nucleated through the twin plane (shown in
red arrow). (c) SAD pattern obtained from the region shown in (a) where extra spots
appear due to twinned structure of the radial growth.

Due to twin planes, it is possible to identify radial growth by TEM, as seen in Figure 3.7. The
facets of nanowire are not smooth (Figure 3.7a), and in the higher magnification image the
defective radial growth layer is seen (Figure 3.7b). The highly twinned radial growth layer is
likely to be nucleated from the twin plane along the nanowire growth direction, the position is
shown with the arrow in Figure 3.7b. The twinning of the radial growth is also apparent in the
SAD pattern coming from the Figure 3.7a region — extra spots perpendicular to the sidewalls are

seen in the SAD pattern. Therefore, we conclude that when radial growth occurs, there is a
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signature effect on the nanowire structure that can be observed in high resolution TEM images

and SAD patterns.

3.7. Effect of growth temperature

The effect of nanowire growth temperature on nanowire morphology was investigated. By
changing growth temperature, nanowire nucleation kinetics such as growth rate and precursor
decomposition kinetics are altered. Therefore, we investigated potential effects of growth
temperature specifically on nanowire tapering and observed that nanowire tapering is
independent of growth temperature within the temperature range of 420°C — 480°C. The
temperature range was chosen based on decomposition kinetics of TMGa, at 420°C 20% TMGa
decomposes, whereas at 480°C almost complete decomposition of TMGa is achieved.”

For this series, Ga-seeded GaAs nanowires were grown at varying growth temperatures
between 420°C — 480°C and other growth conditions were kept the same. Ga seed deposition
was performed by flowing 1.67 sccm of TMGa at 600°C for 1 min, followed by nanowire
growth at respective growth temperature with TMGa and AsH5 flow rates at 1.67 sccm and 18.60
scem, respectively. Nanowire growth duration was 7 min, with the exception of growth at 450°C,
where the growth duration was 3 min. Nanowires were cooled under H, ambient.

a)  420°C b)  435°C c)  450°C d)  465°C e)  480°C

Figure 3.8 Growth temperature studies of GaAs nanowire growth. (a-e) SEM images of
GaAs nanowire growth with similar growth conditions except growth temperature. Growth
temperature ranges from 420°C to 480°C, as denoted on each image. Increasing growth
temperature worsens the nanowire morphology and nanowire kinking is observed.
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SEM images of nanowires grown at different growth temperatures are shown in Figure 3.8.
Increasing growth temperature affects the morphological quality of nanowires such that for
growth temperatures above 465°C the nanowires exhibit more prominent kinking near the tip.
The nanowire length is different for varying growth temperature, but it also depends on the
starting nanowire diameter due to tapering. Therefore, we investigated tapering rate for different
growth temperatures. In this growth series, the tapering rate of nanowires (JAd/Al]) was found to
be between 135-165 nm/pm. We do not observe a consistent change in tapering as a function of
growth temperature.

The nanowire growth temperature range was chosen based on precursor decomposition
kinetics, specifically TMGa. Studies have shown that TMGa thermally decomposes between
400°C — 480°C in H, ambient,”® decomposition is ~20% at 420°C and is nearly complete at
480°C. Therefore, increasing growth temperature should increase the amount of Ga adatoms for
a given TMGa flow rate. By increasing effective Ga amount during growth, tapering may be
reduced — since tapering, Ad/Al is proportional to the imbalance of incorporation, / and
extraction, E of Ga in and out of seed particle, Ad/Al «< (I-E). However, if TMGa decomposes
into Ga adatoms prior to reaching a seed particle, adatoms are likely to incorporate into the
overgrowth layer on the substrate or nanowire sidewalls via VS mechanism. Therefore, even
though growth temperature increases available Ga adatoms, these adatoms may not reach to the
seed particle and increase incorporation rate k£ substantially. Furthermore, increasing growth
temperature increases growth rate G due to kinetics of nucleation of layers at the seed/nanowire
interface. Because tapering is not significantly changed with growth temperature, we conclude

that growth temperature similarly affects the incorporation rate £ and growth rate G.
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3.8. Effect of AsH; flow during annealing and during cooling

In this section, the volatility of group-V elements at high temperatures and low pressures is
discussed with respect to growth procedures applied for the growth of self-seeded nanowires. We
review two relevant growth processes during self-seeded nanowire growth; (i) annealing before
seed deposition and (ii) cooling after nanowire growth.

Self-seeded nanowire growth starts with annealing at 600°C for 10 min in atmospheric
pressure MOCVD to remove native surface oxide. Throughout the thesis work, self-seeded
nanowire growth studies have two types of annealing, either annealing is performed under H»
carrier gas flow (15 liters per minute, Ipm) for 10 min or under H- carrier gas (15 Ipm) and AsH;
flow (3.35 sccm) for 7 min, followed by H> flow (15 lpm) for 3 min. Following annealing, Ga
seed deposition is performed. We did not observe a difference on Ga seed droplet formation
based on annealing conditions.

It is reported that GaAs native oxide desorbs at temperatures between 580°C - 630°C.'>'%
Therefore, our choice of annealing at 600°C for 10 min should be sufficient to remove native
oxide and prepare the substrate surface for epitaxial growth. However, at similar temperatures to
annealing, preferential desorption of group-V elements from III-V material surfaces may become
prominent following native oxide desorption. In literature, it is known that annealing of 1II-V
semiconductor surfaces in vacuum at temperatures above the maximum temperature for
congruent evaporation (7.) leads to preferential evaporation of group-V elements from the
surface and excess group-l1l materials form droplets on the surface,” "' following native
oxide removal. For GaAs (100), this process is usually reported at ~625°C under vacuum
conditions.'” To observe if GaAs (111)B substrates reach the maximum congruent evaporation

temperature and Ga droplet condense as a result of annealing, we performed a separate annealing

71



experiment. GaAs substrate was annealed at 600°C in H, carrier gas for 10 min and ex situ SEM
images show that Ga droplets are not found on the GaAs surface; therefore in our study Ga seeds
are deposited by TMGa flow and are not formed by excess evaporation of As. Furthermore, T,
can be increased by additional group-V flux during annealing to prevent excess evaporation of
group-V materials and preserve stoichiometry of GaAs substrate surface.'” Therefore, the
second type of annealing (under AsHj; flow for the first 7 min) should also prevent preferential
As evaporation.

Following I1I-V material growth, cooling is usually performed under group-V precursor flow
to suppress congruent evaporation of materials. In literature, this has been especially important
for high-temperature thin-film growths to preserve stoichiometry and surface quality. In GaAs
nanowire growth experiments, optimized growth temperatures are lower (between 420°C —
435°C) and nanowires are cooled in two different methods; either in only H» flow or H; and
AsHj; mixture flow until 350°C. Experiments with cooling under H, aimed to observe Ga droplet
at the tip of the nanowire; however, either due to long growth durations nanowires were fully
grown and Ga droplet was consumed, or Ga droplet was crystallized into kinked structures near
the tip of nanowire. It should be noted that even though AsHj3 is not flown during cooling, this
crystallization during cooling might have been possible due to excess AsHj3 adsorbed to the
atmospheric pressure reactor walls and susceptor. In the experiments with cooling under H» and
AsH3 mixture flow, we aimed to preserve nanowire morphology near the tip and prevent kinking
by supplying AsHs.

In summary, we do not observe significant effects of additional AsH; flow during annealing
or cooling on nanowire morphology. For the following experiments in Chapter 5:, we performed

annealing under H> and AsH; mixture flow for the first 7 min, followed by 3 min annealing in H



flow, and for the experiments in Chapter 4: and Chapter 5: cooling in H> and AsH; mixture flow

until 350°C, similar to the III-V growth in literature.

3.9. Conclusions

We have demonstrated controlled self-seeded GaAs nanowire growth by MOCVD. Nanowire
growth via a self-seeded mechanism eliminates possible impurities from foreign metal seed by
using one of the constituent elements of the nanowire as the seed particle. The growth is
achieved in two steps; in situ Ga seed deposition at higher temperatures followed by nanowire
nucleation and growth at lower temperatures. Separation of the seed deposition temperature from
nanowire growth temperature has resulted in highly reproducible vertical nanowire growth. Two
distinct parts of the nanowire were observed: a defect-free single crystalline nanowire base with
a high degree of tapering followed by the nanowire itself, which has a lower degree of tapering
but contains twin planes perpendicular to the nanowire growth direction. Nanowire tapering was
found to be dependent on growth conditions and independent of seed deposition conditions and
starting nanowire diameter. Constant tapering along nanowire is explained by modeling the seed
particle incorporation-extraction dynamics. Due to imbalance of incorporation and extraction of
Ga in and out of the seed particle, Ga seed is consumed during growth and VLS growth stops
when Ga seed is consumed completely. Longer growths confirmed that upon Ga seed
consumption precursors incorporate to the nanowire sidewalls via VS mechanism and result in
radial growth. Nanowire growth temperature has not altered tapering of nanowires significantly.
While higher temperatures increase decomposition of TMGa and provide larger amounts of Ga
adatoms, VS growth mechanism competes with VLS at higher temperatures and incorporation of
Ga into the seed particle for VLS growth does not significantly increase. Lower nanowire growth
temperatures (420°C - 450°C) have shown better nanowire morphologies with suppressed
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kinking at the tip of the nanowires. Our findings on the nucleation and growth mechanisms of
GaAs nanowire arrays can be readily extended to other III-V material systems and serve as a

general approach to self-assisted nanowire growth.
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Chapter 4: Density and diameter control of self-seeded

nanowires

In the previous chapter, we demonstrated self-seeded binary GaAs nanowire growth and
investigated growth mechanism of Ga-seeded nanowire growth. Here we use this knowledge to
demonstrate density and diameter control of self-seeded GaAs nanowires grown by metal-
organic chemical vapor deposition (MOCVD). Self-seeded nanowires are grown in a two-step
growth: in situ Ga seed deposition followed by nanowire growth. Separation of the seed
deposition and nanowire growth steps enables us to control areal density and diameter of
nanowires independent of the growth conditions, thus density and diameter can be altered within
a larger parameter space than the optimized nanowire growth, which can be achieved within a
small parameter space, especially in terms of growth temperature. Seed deposition temperature is
a crucial parameter in controlling the nanowire density and diameter; we have observed that
increased seed deposition temperature decreases the nanowire areal density and increases
nanowire diameter due to larger surface diffusion length of Ga adatoms. Furthermore, choice of
substrate orientation, such as (111)B, (110) and (111)A, significantly alters density and diameter
of nanowires due to a change in nucleation kinetics, which depend on chemical potentials of Ga
adatoms on the substrate. We have found that the nanowire areal density is smallest for
nanowires grown on (111)B, it increases for nanowire grown on (110) and the highest densities
are observed on (111)A. Also, effects of the seed deposition duration on nanowire density was

investigated and found that longer seed deposition time increases the areal density of nanowires
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with minimal effect on average nanowire diameter. The methods described in this section
constitute the basis of density and diameter control in self-seeded nanowire growth and can be

extended to other self-seeded nanowire growth of I1I-V binary and ternary material systems.

4.1. Introduction

In vapor-liquid-solid (VLS) growth of nanowires, density and diameter control of nanowires
have been achieved using a variety of methods. In general, these methods can be classified in
two branches: first branch involves techniques that may rely on self-assembly and are random in
their nature, such as nanoparticle drop-casting, thin-film annealing to create seed nanoparticles,
or in situ seed formation by flowing precursor material; second branch involves techniques that
are deterministic in their nature, where uniform size and orderly position of seed particles sites
are determined by additional methods such as lithography techniques to create a mask followed
by the seed deposition. Lithography techniques can create ordered nanowires, but this approach
requires an extra step that is time-intensive. In this chapter, we focus on a subsection of self-
assembly techniques for seed deposition: in situ deposition of seed particles where seed element
is group-111I element of the nanowire.

Density and diameter control of nanowires is especially important for utilization of
nanowires in device applications. Nanowire-based devices have been achieved using single-
nanowires as well as nanowire arrays. Whereas single-nanowire devices are important as a proof-
of-concept demonstration, devices based on nanowire arrays are usually necessary for real-world
appiications. Most of the nanowire array devices such as solar celis have been demonstrated for
nanowire arrays that utilized lithography techniques to achieve ordered nanowire spacing and
uniformity.® Ordered arrays can increase the absorption through scattering between nanowires.”
However, depending on the device application, self-assembly techniques may suffice in terms of
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density and diameter control, especially with narrow distributions of average size and fairly

uniform positions of nanowires. Such nanowire arrays can be utilized for solar cells'"

and light-
emitting diodes (LEDs) where nanowires do not need to be identical in morphology throughout
the substrate. Self-seeded nanowire arrays without a mask, albeit more random than
lithographically determined nanowire arrays, would still lead to increased scattering from
nanowire sidewalls and increased absorption.” Therefore, it is crucial to establish methods to
control the morphology, density, and alignment of self-seeded nanowire arrays.

The grbwth of self-seeded nanowires using in situ deposition of seed particles in MOCVD is
detailed in 0. To summarize, in the case of III-V nanowire growth, seed deposition is achieved
by exposing fhe substrate to group-11I precursor flow — for example trimethylgallium (TMGa) for
Ga seeds. The precursors decompose at high temperatures and form droplets on the surface due
to substrate surface energies. Deposition parameters such as temperature and substrate energy
can be used to control the nucleation of seed particles, which consequently determines the
density and diameter of the seed particles. After seed particle deposition, nanowire growth is
performed, where nanowire density and diameter mimics the seed characteristics at the time of
nanowire nucleation.

It has been shown in the case of MBE-grown nanowires''' that density and diameter control
of self-seeded growth is more challenging compared to the foreign metal-seeded growth because
nanowire density depends on the in situ nucleation step of the group-Ill seed particles. To
achieve nucleation, MBE GaAs nanowire growth has been performed on substrates with a thin

67,83,85,111,112

SiOy layer such that Ga droplets nucleate at pinholes in the oxide layer. In this way,

the density of nanowires is affected by parameters such as oxide thickness''' and growth
3

temperature,®®®’ whereas the diameter of the nanowires is affected by the precursor flow
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rates.“"”“

Recently, density and diameter control of self-seeded GaAs nanowires has been
demonstrated by combining droplet epitaxy and self-seeded growth, where GaAs islands are
formed by droplet epitaxy on oxide-free substrates and nanowire growth occurs on top of these
islands.'" This approach separates the nucleation and growth of nanowires providing control
over density and diameter during the nucleation step.

In this chapter, we demonstrate self-seeded growth of GaAs nanowire arrays with controlled
density and diameter on GaAs substrates without any mask or oxide layer and using MOCVD.
While seed particle characteristics at the time of nanowire nucleation directly affect nanowire
density and diameter characteristics, in situ study of these characteristics is not possible in
MOCVD. Although ex situ study of seed particles may give information about particular trends,
cooling of seed particles to room temperature may affect their size and distribution. To ensure
that we investigate seed deposition characteristics at the time of nanowire nucleation, we

performed nanowire growth after seed deposition and investigated nanowire density and

diameter.

4.2. Effect of seed deposition temperature on density and diameter control

In this section we investigate the effect of seed deposition temperature on Ga seed formation
kinetics. We altered the seed deposition temperature between 500 °C — 600 °C, while keeping all
other growth parameters the same (seed deposition was performed with 1.67 sccm TMGa flow
for 1 min and the nanowire growth was performed at 435°C on GaAs (111)B substrates with
V/iil ratio of 5). In these growth series, nanowires were cooied under AsHs flow down to 350°C

to suppress kinking at the tip of the nanowires during cooling.

Top-view SEM images show the change in the areal density of nanowires as a function of the

seed deposition temperature between 500 °C - 600 °C (Figure 4.1a — e). Nanowires appear as
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dots in the top-view images due to their vertical alignment on the substrate. Insets of Figure 4.1a-
e show single nanowires at 45° tilts to observe nanowire diameter and length, where nanowire
diameter is measured at the bottom of constant tapering (shown schematically in Figure 3.2c)
and base diameter is measured at the interface of substrate and the base. It should be noted that
top-view image series and 45° tilt inset series are shown at the same magnification respectively
for direct comparison of images between series. It is clearly seen from top-view images that
decreasing seed deposition temperature leads to increased areal density reduced nanowire
diameter. We observe that seed deposition temperature affects the areal density and diameter
simultaneously. These characteristics are summarized in Figure 4.1f; areal density is controlled
between 5.5x107 — 82.2x10” nanowires/um” and average nanowire diameter is controlled
between 167 nm — 1.3 um. Furthermore, the seed deposition temperature change does not affect
nanowire characteristics: by changing seed deposition temperature, but maintaining other growth
parameters the same, we observe that the overall nanowire morphology and structure remain the
same, with the single-crystalline nanowire base and twinned nanowires (insets of Figure 4.1a —
e). Nanowire length variation as a function of seed deposition temperature is expected in our

growth and it is a result of diameter-length dependence explained in section 3.4.
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Figure 4.1 Effect of Ga seed deposition temperature on the nanowire density and
diameter. (a-e) Top-view SEM images of GaAs nanowires grown with different Ga seed
deposition temperatures (indicated in each image). All growths are performed on GaAs
(111)B substrates at 435°C. Nanowires appear as dots in the top-view images because they
grow vertically on the substrate. Insets show the nanowire morphology obtained at a 45°
tilt. (f) Areal density and average diameters of nanowire arrays as a function on the seed
deposition temperature.

The experimentally observed temperature-dependent density and diameter trends (Figure 4.1)
can be explained by the surface diffusion of Ga adatoms and/or seed nucleation kinetics. At
lower temperatures, limited mobility of Ga adatoms causes slow surface diffusion and results in
a higher density of smaller seed particles, as seen in Figure 4.1f. The density-diameter trend is
disrupted when the seed deposition temperature is increased from 575 °C to 600 °C, the average
diameter decreases contrary to the density-diameter trend observed at lower temperatures (Figure
4.1f). This can be due to increased Ga adatom desorption at higher temperatures. Similar
temperature-dependent density trends were observed in island growth by the droplet epitaxy,

which is a similar process to the nanowire nucleation step described in section 2.1.2, and have
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been attributed to surface diffusion.!" The seed nucleation kinetics takes into account changes in

chemical potentials and surface energies, and is described in section 4.4 in more details.

Our results indicate that the density and diameter of nanowires are coupled. However, in a
recent self-seeded MBE study,'”® nanowire density and diameter were controlled by the seed
deposition temperature and Ga flow supplied during the seed deposition, respectively, suggesting
that a similar approach could be applied in the self-seeded MOCVD. We note that obtaining
nanowires with smaller diameter than observed in this work could be possible by further
decreasing the seed deposition temperature, but highér TMGa flows would be required to

overcome its incomplete decomposition at lower temperatures.

4.3. Effect of substrate orientation on density and diameter control

In addition to the seed deposition temperature, the density and diameter of nanowires also
depend on the substrate orientation, as shown in Figure 4.2a-c. In these experiments, seed
particle deposition temperature and TMGa flow rate (600 °C and 1.67 sccm, respectively) and
nanowire growth conditions were kept the same, and the nanowires were grown on GaAs
(111)B, (110), or (111)A substrates at 435°C with V/III ratio of 11. The differences in nanowire
diameter and density indicate that these parameters are dictated by the seed formation dynamics
on different surfaces. The areal density increases from (111)B to (110) and (111)A, whereas the
nanowire diameter shows the opposite trend. In addition, the nanowires grow along the <111>
direction on all substrates, resulting in vertical nanowires on GaAs (111)B and (111)A surfaces

and inclined nanowires on GaAs (110) surfaces.

81



Figure 4.2 Effect of substrate orientation on nanowire density and diameter. (a-c) GaAs
nanowire growth on (111)B, (110) and (1 11)A substrate, respectively. Areal density is given
at the bottom-left corner of each image.

We now consider the same parameters (nucleation kinetics and surface diffusion) to
understand the differences in density and diameter as a result of substrate orientation. Because
the trend of larger diameter and lower density nanowires is similar to the temperature-controlled
seed deposition, we first consider the effect of Ga adatom surface diffusion length on the seed
formation dynamics. Denser nanowires on the GaAs (110) surface compared to (111)B surface
would imply that the surface diffusion length on (110) surface should be shorter, but it has been
reported that Ga surface diffusion length on GaAs (110) surface is longer than on GaAs (11 1)B

5
surface. !

Therefore, surface diffusion cannot explain the observed trends. Rather, we should
consider the seed nucleation kinetics. According to the nucleation theory, the Gibbs free energy
of seed particle nucleation, 4Gy, is related to the chemical potentials of Ga adatom, Ga atom in
liquid seed particle, and surface energies (see section 4.4). The trend of larger diameter and
lower density nanowires would be observed when the critical nucleus size of the seed particle
(the size above which the growth of the particle is energetically favorable) is larger on (111)B
surface compared to (110) surface. Larger critical nucleus size on (111)B suggests that the Ga

adatom chemical potential (4*,) or substrate surface ener Psv) under Ga-rich conditions is
p gy

lower on (111)B surface compared to (110) surface. The chemical potential of Ga adatoms on a
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(111)B surface should indeed be lower, because under ideal conditions, GaAs (111)B surface is
As-terminated, whereas GaAs (110) surface has an equal distribution of Ga and As atoms on the
surface. Same arguments also apply to describe the density-diameter differences on (111)A

surface compared to (110) or (111)B surfaces.

4.4. Seed nucleation kinetics

The nanowire density and diameter trends can be explained by the seed particle formation
kinetics. The Gibbs free energy of seed particle nucleation, 4Gy, is related to the chemical

potential difference and surface energies according to the nucleation theory:

AGy= (i, = 1Y N+, A 0 = ) Aimt

Equation 4-1

Here, relevant chemical potentials and surface energies are chemical potential of Ga adatoms
(4™ .), chemical potential of Ga in liquid form (,uIGa), surface tension of Ga liquid particle (y4),
surface energy of substrate under Ga-rich conditions (7s), and interface energy between substrate
and the liquid Ga seed (y;), as shown in Figure 4.3. The critical nucleus size of a particle, d..;
(the size of the particle for maximum 4Gy, where d4Gy/dd,;; = 0, or the size above which the
growth of paﬁicle is energetically favorable), can be derived from Equation 4-1. If the seed
particle is assumed to be hemispherical, then the size of seed particle can be expressed as N = p

(m &/12), where N is the number of atoms in the seed particle, p is the atomic density, and d is

the diameter of seed particle.

1
ylv+ j (yls - ysv)
dcrir = 1 surf
7P W — M)

Equation 4-2
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Although the exact values for 4™, y; or the droplet contact angle — from which interface
area of seed droplet and substrate (4;,/) and surface area of seed droplet (4., can be calculated —
are not known, from Equation 4-2, we can understand the dependence of the critical nucleus size
on temperature or substrate energy. Critical nucleus size, d,.;, can be related to the nanowire
density and average diameter of a nanowire array. While the precursor flow rate is the same, seed
nucleation rate would be similar; however, when d.,, is smaller due to temperature or substrate
orientation, more of the nucleated seed particles would be energetically favorable to grow,
leading to a higher density array. Since the precursor flow rate is the same, the higher density

seed arrays would have smaller average seed diameter.

Figure 4.3 Chemical potentials and surface energies that affect seed particle formation.

Here, chemical potential of Ga adatoms is indicated as #*”,, chemical potential of Ga in

liquid form is u'c,, surface tension of Ga liquid particle is p,, surface energy of substrate
under Ga-rich conditions is ,,, and interface energy between substrate - Ga liquid seed is

?ls .

The effect of seed deposition temperature on nucleation density is mostly related to the
changes in the chemical potential of Ga adatom and liquid phase Ga as a result of changes in
temperature. We assume surface energy changes are relatively small between 500°C and 600°C,
thus the seed particle contact angle should be similar as well. Increasing the nucleation
temperature results in lower density of nanowires and larger diameters as shown in Figure 4.1a-e,
which implies that the critical seed nucleation size must be larger at higher temperatures. This is

expected, because the absolute value of the driving force for seed nucleation W'ea — 1"Ga)
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decreases with increasing temperature. Since the driving force has a negative value, the decrease
of the driving force at higher temperature increases the critical free energy and critical nucleus
size.

The nanowire density can be plotted as a function of seed deposition temperature in
Arrhenius plot (Figure 4.4), which suggests that the underlying mechanism has activation
energy. If we consider surface diffusion of Ga adatoms as the main mechanism, we can estimate
the diffusion length, 4, based on the density of seed particles, », by the relationship n = 1/(424°)
where adatom collection area of each seed particle is a square with 24 edge length. This relation
estimates the surface diffusion length to be 1.74 pm at 500 °C and 6.75 um at 600 °C. Surface
diffusion length, 4, and diffusion coefficient, D, are related by 4 = 2V(Dr1). The activation energy
for diffusion coefficient of Ga adatoms on GaAs (111)B surface can be extracted by inserting D
= Dy * exp(— Eu/ ksT) and is found to be Ezz = 1.51 eV. It should be noted that this estimation
does not take into account seed nucleation kinetics, which would also play a role in determining

the density.
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Figure 4.4 The dependence of nanowire density on seed deposition temperature shown
in Arrhenius plot. Seed deposition is performed by flowing TMGa at 1.67 sccm for 1 min.
Density is measured after nanowire growth.
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The effect of the substrate orientation on nucleation density is related to two parameters; (i)
the surface energies and (ii) chemical potential of Ga adatoms on different surfaces. As shown in
Figure 4.2a-b, the density increases when the surface orientation is changed from (111)B to
(110), which implies a smaller critical nucleus size on the (110) surface. According to Equation
4-2, a smaller critical nucleus size implies higher 47, or higher ys, for (110) substrate under Ga
rich conditions. Data on the chemical potential of Ga adatoms on different surfaces is scarce;
however, GaAs (111)B surface is As-terminated, whereas GaAs (110) surface has an equal
distribution of Ga and As atoms on the surface, therefore it is likely that the chemical potential of
Ga adatoms on a (110) surface will be higher due to the presence of Ga atoms. Additionally,
surface energies are orientation-dependent. Under Ga-rich conditions, GaAs (111)B surface has
V19 x V19 reconstruction,''® for which the surface energy is expected to be between 40-63
meV/A2.""7 On the other hand, GaAs (110) surface has a surface energy of 52 meV/A? under Ga-
rich conditions. The same arguments are valid to explain the higher density on (111)A surface
compared to (110) surface. The expected chemical potential of Ga adatom is higher on (111)A
due to a Ga-terminated surface. The substrate surface energy is slightly higher on (111)A (54
meV/A? under Ga-rich conditions) compared to (110) substrate (52 meV/A? under Ga-rich
conditions). Therefore, we explain the increased density on (110) and (111)A substrates by the
increase of chemical potential of Ga adatom and/or substrate energy on these substrate
orientations.

By understanding the effect of surface diffusion and seed nucleation kinetics, it is possible to
predict density and diameter trends of self-seeded III-V nanowires in general. First, the effect of
seed deposition temperature on nanowire density and diameter would be similar in other I1I-V

material systems, i.e. increasing density with decreasing seed deposition temperature, as long as
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the seed deposition temperature range is lower than the desorption-limited region for adsorbed
seed adatoms. Second, the choice of the substrate is expected to result in similar trends for
density and diameter, i.e. the areal density should increase for higher chemical potential of
adatoms. Beyond the effect of temperature and substrate orientation, prediction of the trends
based on material system selection is more complicated. When the seed particle material
changes, the seed surface energy, seed-substrate interface energy and chemical potential of
adsorbed seed atoms change as well, and the critical nucleus size of seed particles is a function of
all of these (Equation 4-2). If surface energies are dominant, lower surface energy metal seed
particles, or higher surface energy substrates would result in increased density and smaller
diameters. The effect of chemical potential will be such that higher chemical potential of
adsorbed atoms would result in smaller critical nucleus size, therefore higher density would be

expected.

4.5. Effect of seed deposition duration on nanowire density

Another parameter investigated in this work to control density of self-seeded nanowires is the
seed deposition duration. We have varied the seed deposition time between 0 — 60 s while
maintaining TMGa flow ratio (0.674 sccm) and temperature (420°C) of seed deposition constant
among growths. Following seed deposition, nanowire growth was performed by flowing TMGa
at 0.674 sccm and AsHj at 3.35 sccm (V/III ratio = 5) at 420°C. These experiments explore a
different parameter regime — specifically, lower seed deposition temperatures and lower TMGa.
flux compared to previously mentioned experiments in sections 4.2 and 4.3 — to extend the
understanding of the seed deposition parameters on controlling density and diameter of
nanowires. Figure 4.5 shows the SEM images of the resulting nanowire arrays where top-view
images (a-d) give information about the areal density and 45° tilt images (e-f) about the nanowire
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morphology. By increasing seed deposition duration, nanowire density increases from 15+4
nanowires/um’ to 362 nanowires/um®. These results have two interesting features; first,
nanowire growth can be achieved without a seed deposition step, and second, dependence of
areal density of nanowires on Ga seed deposition duration is not linear. These features give

information about seed formation kinetics at lower seed deposition temperatures.

No pre-deposition 5s TMGa 10 s TMGa 1min TMGa
Density=15+4 pm" Density=18+2 pm” Density=28+2 pm” Density=36+2 pm’

ol .

= 8L«
:‘:;‘ "-". [P

Figure 4.5 Effect of Ga seed deposition duration on GaAs nanowire density. Seed
deposition is performed at 420°C with TMGa flow of 0.674 scem and denoted on the
caption for each nanowire growth. Top row shows top-view SEM images nanowires to
reveal density, whereas bottom row shows 45°tilt SEM images to reveal the morphology of
nanowires. Nanowire growth conditions are the same for all growths, with V/ITI=5,

We observed that nanowire growth was achieved when seed deposition step is omitted and
only nanowire growth step is performed (Figure 4.5 a, e). This implies that at the beginning of
nanowire growth, Ga seed formation can occur in the presence of AsH; flow and self-seeded
nanowire growth can be achieved without a separate seed deposition step. This result indicates a

high driving force for nucleation of Ga seed particles under nanowire growth conditions, such as
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low temperatures and low V/III ratios compared to thin film growth conditions. In literature,
various studies have realized self-seeded III-V nanowire growth without prior seed

deposition,“’so

similar to this result. However, if seed particles are present, such as ex situ
deposited Au particles, when growth is started by flowing precursors, Ga diffuses into the Au
seed particle and does not form separate Ga particles and result in self-seeded nanowire growth.
Although self-seeded nanowire growth can be demonstrated in a single step (the nanowire
growth step), in this case the control of nanowire diameter and density solely depends on
nanowire growth conditions, which offers a limited parameter space to optimize nanowire
growth. However, in a two-step growth, separation of seed deposition and nanowire growth steps
enables control of density and diameter independent of nanowire growth conditions.
Furthermore, this growth underlines the importance of analysis of diameter and density of
nanowires rather than seed particles.

The areal density of nanowires increases with Ga seed deposition duration, but this relation is
not linear and limits our ability to control density and diameter using seed deposition duration at
lower seed deposition temperatures. Areal density of nanowires is 15+4, 18+2, 2842, and 3642
nanowires/um> for TMGa deposition (0.674 sccm) of 0, 5, 10, and 60 s, respectively. The major
difference occurs between 10 s deposition and 60 s deposition time; while total amount of Ga
deposited increases six times, the areal density increases ~1.3 times. Because change in diameter
is negligible between the two growths, this suggests that some Ga seed particles do not result in
vertical nanowire growth and instead they may result in parasitic thin film growth on the

substrate. More experiments need to be performed to understand the exact behavior between

deposition duration and areal density. Therefore, our results show that increased duration of Ga
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seed deposition may be utilized to increase areal density of nanowires; however we have not
established controlled increase of density using seed deposition duration.

Increased seed deposition duration at 420°C alters the density of nanowires with minimal
effect on nanowire diameter. Since we assume nanowires grow via Ga-seed particle VLS method
and nanowire density and diameter depends on the seed density and diameter, this behavior may
be explained by continuous nucleation during seed deposition. A larger amount of Ga deposited
as a result of increased deposition duration can be distributed in two ways: i) Ga adatoms
nucleate new seed particles; continuous nucleation occurs as adatoms arrive to substrate surface
resulting in higher density of seed particles with minimal effect on diameter or ii) Ga adatoms
join to the existing seed particles; surface diffusion of adatoms to the existing seed particles
results in larger diameter particles with smaller effect on density. The probability of these
mechanisms depends on temperature — driving force for nucleation decreases with increasing
temperature and surface mobility of adatoms increases with increasing temperature according to
nucleation theory. (Here we omit very high temperatures where desorption rate is higher than
adsorption rate). Therefore, lower temperatures show continuous nucleation behavior during seed
deposition due to increased driving force for nucleation and decreased surface mobility of
adatoms and we observe increase in nanowire density as a result of increased Ga seed deposition
duration.

Finally, we compare the experimental value of areal density of nanowires obtained in this
section to extrapolation of nanowire density trend obtained for higher seed deposition
temperatures (Figure 4.4). On one hand, experimental data for seed deposition at 420°C for 1
min (Figure 4.5 d, h) show that nanowire density, », is 36+2 nanowires/um>, which estimates Ga

adatom diffusion length, 4, to be 83 nm, using relationship » = l/(4,13 ). On the other hand, we can
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extrapolate the dependence of the nanowire density on seed deposition temperature (Figure 4.4)
to 420°C. Extrapolation of trend in Figure 4.4 to seed deposition temperature of 420°C predicts
nanowire density, 7 = 1.4 nanowires/um” and Ga adatom diffusion length, A = 430 nm. The two
values — experimental and extrapolated density — show that experimental data at 420°C has
higher densities than values predicted by extrapolation of high temperature seed deposition
density trends, therefore nucleation is enhanced at lower temperatures. This could be explained
by increased driving force for nucleation at lower temperatures. As we have explained in the
previous paragraph, at seed deposition temperature of 420°C continuous nucleation is observed,
suggesting a nucleation-driven regime at this temperature. Whereas surface diffusion would be
important for high temperatures due to decreased driving force for nucleation and the trend we
observed for seed deposition temperatures between 500°C — 600°C was explained using surface
diffusion kinetics. Furthermore, apart from enhanced surface diffusion length at higher
temperatures, there is a cooling period where temperature is lowered from seed deposition
temperature (500°C — 600°C) to nanowire growth temperature (435°C), that is not performed for
seed deposition and nanowire growth at 420°C, which may give sufficient time for Ga surface
diffusion. Lastly, it should be noted that TMGa flux would also affect the nucleation and density
behavior. Experimental data for seed deposition at 420°C was obtained with a TMGa flux of
0.674 sccm, whereas high temperature seed deposition data is obtained with a TMGa flux of 1.67
sccm. Increased flux would increase nucleation rate; however, at high temperatures nanowire
density depends on Ga surface diffusion rather than nucleation kinetics, therefore the effect of
TMGa flux may not play a critical role while comparing low and high temperature seed

deposition temperatures.
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In summary, duration of seed deposition step affects the density of nanowires at low seed
deposition temperatures (420°C). While increasing seed deposition duration can increase
nanowire density, there is a nonlinear relationship between deposition duration and density and
further investigates are necessary to be able to control density as a function of seed deposition
duration. It was found that at lower temperatures (420°C) seed formation is nucleation-driven
compared to the seed formation that is surface diffusion driven at higher seed deposition

temperatures (500°C — 600°C).

4.6. Conclusions

In this chapter, we established nanowire density and diameter control using seed deposition
parameters. Varying the seed deposition temperature and substrate orientation controlled the
density and diameter of the nanowire arrays. These parameters affect the Ga adatom surface
diffusion, Ga adatom chemical potential, and substrate surface energies. By understanding the
nucleation kinetics and surface diffusion of Ga adatoms, we demonstrated that higher density and
smaller diameter nanowire arrays are achieved by lower seed deposition temperatures or by
using (111)A or (110) substrates instead of (111)B substrates. While surface diffusion of Ga
adatoms was the main mechanism in the control of density and diameter on GaAs (111)B surface
at high seed deposition temperatures, nucleation-driven behavior was observed to be principal
mechanism for density-diameter control on GaAs (110) and GaAs (111)A surfaces at high seed

deposition conditions, or on GaAs (111)B at low seed deposition temperatures.



Chapter 5: Ternary material system - GaAsP

nanowire growth

In this chapter, we demonstrate the self-seeded growth of ternary GaAs.,P, nanowires using
metal-organic chemical vapor deposition (MOCVD). GaAsP nanowires were grown via Ga-
seeded growth method, which is described in more details in section 2.1.3. Composition control
of GaAs,_,P, nanowires for x = 0 — 0.3 as well as demonstration of GaP nanowires (x = 1) was
achieved by varying group-V precursor flow percentage. Growth temperature was shown to have
minimal effect on the control of nanowire composition, in contrast to analogous thin film growth.
Strain in GaAsP nanowires grown on GaAs (111)B substrate was measured using reciprocal
space mapping (RSM) in high-resolution x-ray diffraction (XRD) instrument. We found that
strain in GaAsP nanowires caused by lattice mismatch with the substrate is released 65% — 100%
(fully relaxed). Lastly, optical characterization of as-grown GaAsP nanowires confirmed that the

energy bandgap tunability can be successfully achieved through compositional modulations.

5.1. Introduction

Ternary nanowires are of great interest for optoelectronic applications due to their band gap
tunability through compositional modulation. Ternary semiconductors (i.e. GaAs;..P,) are alloys
of two binary compounds and as such have tunable properties — e.g. lattice constant and band gap
— that lie between the two binary extremes. In thin films, lattice matching between the substrate
and the film is critical for achieving epitaxial growth as their lattice mismatch causes strain,

which can be released through formation of defects, when energetically favorable. Due to free
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sidewall surfaces, nanowires can accommodate larger lattice mismatch before forming a defect.
The ability to effectively relieve strain in nanowires opens up possibilities for growth of
heterostructures without the need of buffer layers.

In this chapter, growth of III-V ternary nanowires is examined in the GaAsP nanowire
system. GaAsP nanowires are of interest due to band gap tunability between 1.42 eV and 2.26
eV by adjusting the phosphorus content. Tunable band gap of GaAsP nanowires creates
opportunities in solar cell heterostructures, for example an optimized dual junction tandem solar
cell can be realized by combining two semiconductor materials with band gaps of 1.1 eV and 1.7
eV and achieve theoretical efficiency of 34% at 1 sun AMO illumination''®""?. While the choice
for material with a band gap of 1.1 eV would be Si, 1.7 eV band gap requirement can be realized
by using ternary GaAsP material. Whereas composition control of GaAsP grown by MOCVD
has been investigated for thin-films, the effect of growth parameters for P content of self-seeded
GaAsP nanowires grown by MOCVD remains an open question.

Growth of ternary nanowires is inherently more complicated than the growth of binary
nanowires because different group-V precursors have i) different decomposition rates and ii)
different adatom mobilities and sticking coefficients, thus their incorporation rates can vary
along the nanowire. It has been shown that these properties can result in compositional variations
along the nanowire length and across the nanowire diameter in Au-seeded AlGaAs nanowires;
however, by elucidating the incorporation mechanism, control of nanowire composition and
morphology was achieved. Similar compositional differences along the diameter and length were
observed in GaAsP nanowires grown by MOCVD'* and molecular beam epitaxy (MBE)'*'. For
example, spontaneous formation of core-shell morphology was observed for GaAsP nanowires

with P-enriched core compared to As-enriched shell®®. This was attributed to the higher PH;
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decomposition around Au seed, therefore higher vapor concentration around the seed particle
that is available for vapor-liquid-solid growth of the core compared to vapor-solid growth of the
shell. In general, nonlinear incorporation as a function of precursor ratio has been observed for

h'*~"**, similar to the thin film growth of this system'*’.

GaAsP nanowire growt

To present, self-seeded growth of ternary GaAsP nanowires has been mainly studied using
solid source MBE®'®, In these reports, it was shown that incorporation of group V elements
exhibits different trends in nanowire vs. thin film growths. These studies indicate that self-seeded
ternary nanowire growth requires in-depth understanding of the growth parameters and their
effects on the decomposition of precursors, adsorption/desorption kinetics, competing growth
mechanisms (vapor-liquid-solid (VLS) nanowire growth vs. vapor-solid (VS) sidewall
deposition), dynamics of material incorporation to the seed particle and material extraction from
the seed particle.

Our objective in this chapter is to gain géneral knowledge of composition control in self-
seeded ternary III-V nanowire growth using MOCVD. We investigate the effect of growth
parameters, such as group-V precursor flow percentage and growth temperature, on composition
control in GaAsP material system. Furthermore, through the use of techniques such as energy
dispersive x-ray spectroscopy (EDS) and reciprocal space mapping in high-resolution x-ray
diffractometer we analyzed compositional homogeneity of nanowires and studied the strain

relaxation of lattice-mismatched interface. The techniques developed in this chapter can be

extended to other self-seeded nanowire growth of III-V ternary material systems..

5.2. Self-seeded GaAsP nanowire growth

Self-seeded GaAsP nanowire growth is schematically shown in Figure 5.1 and it follows a
similar process to the growth of binary GaAs nanowires described in 0. Growth procedure starts
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with in situ Ga seed deposition by flowing trimethylgallium (TMGa) at high temperatures
(600°C) for 1 min. During this process TMGa decomposes into gallium and forms seed droplets
on the GaAs substrate. Following this step, nanowire growth is achieved at the growth
temperature of 450°C — 500°C in two consecutive steps: (i) a GaAs stem is grown for a short
period by flowing TMGa and arsine (AsH3), (ii) GaAsP nanowire is then grown by flowing
TMGa, AsHj, and phosphine (PH;). GaAs stem is grown to increase vertical alignment of
GaAsP nanowires. During the growth, Ga, As and P are incorporated through the seed particle or
from the seed particle/nanowire interface. GaAsP nucleates at the seed particle/nanowire
interface and precursors are extracted from the seed particle during nucleation and growth of
GaAsP layer. The balance of Ga incorporation into the seed particle and extraction out of the

seed particle affects the seed particle volume, which determines the nanowire diameter.

Se?d Nanowire Growth
particle _ )
Ga incorporation
Ga seed \ i rd
deposition GaAs stem As,P--->®

ExtfBit

Figure 5.1 Schematic of GaAsP nanowire growth. First, Ga seed particles are in situ
deposited on the substrate by flowing TMGa at higher temperatures (left). Then, at the
nanowire growth temperature, GaAs stem is nucleated by flowing TMGa and AsH;.
(middle). Introduction of GaAs stem was found essential to increase yield of vertical GaAsP
nanowire growth. Then, GaAsP nanowire growth occurs by flowing TMGa, AsH; and PH.
Ga incorporates into the seed particle during growth, and then extracted at the
seed/nanowire interface as a result of GaAsP layer nucleation. The balance of Ga
incorporation and extraction dictates seed volume, hence nanowire diameter.

To alter the composition of the resulting GaAsP nanowires, the percentage of PH; within the

group V precursor flow (Qpus / (Qpus + Oasus) %) was varied between 50% - 100%, where Orus
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denotes the volumetric flow rate of PH; in sccm. The flow percentage, growth duration, and flow
rates for different growths are given in Table 5-1. During the GaAs stem growth, TMGa and
AsH; flow rates were 1.67 sccm and 8.49 sccm, respectively, resulting in a V/III ratio of 5.
During GaAsP nanowire growth, total group V flow was kept constant with a V/III of ~10. We
note that although the nominal V/III ratio is maintained, the decomposition of precursors dictates
the effective V/III ratio. Since PH; decomposition is less efficient than that of AsHs, it is
expected that at high PH; flow percentages the amount of decomposed group V material would
be lower resulting in a smaller effective V/III ratio. Upon change of the flow percentage, GaAsP
nanowire growth time is increased to ensure nanowires are fully grown. We explored the region
between 50-100% PH; flow percentage because PH; is known to incorporate with a lower
efficiency than AsHj in thin film and nanowire growths'?+1%,

Table 5-1 Growth conditions for GaAsP nanowires of varying PH; percentage flows.

Flow percentage is PH; ranges 50% - 100% by keeping the total group-V flow, thus V/III
ratio the same (~10). Growth time of GaAsP is adjusted to ensure fully grown nanowires.

GaAs stem GaAsP nanowire

S ety TMGa flow AsH; flow PH; flow
growth time growth time

Gifiti) i) (scem) (scem) (sccm)
50 c e 35 - 1.67 B 8.8
70 2 35 1.67 5.36 12.4
80 2 5 1.67 3.35 13.4
90 2 10 1.67 1.68 152
95 1.5 10 1.67 0.8 16.3
98 2 10 1.67 0.35 16.4
100 2 10 1.67 - : 16.7

SEM images of the nanowire growths specified in Table 5-1 are given in Figure 5.2. These

nanowires were grown with the same seed deposition conditions (TMGa flow rate of 1.67 sccm
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for 1 min at 600°C) and at the same growth temperature (450°C). As we discuss in details later
on, we successfully controlled the composition of ternary nanowires via PH; %; we also note that
the PH; % also affects the nucleation and morphology of nanowires, where vertical nanowire

nucleation is decreases and kinking of nanowires is increased., especially for very high PH; % (>

95%).

Figure 5.2 GaAsP nanowire morphology as a function of PH; %. (a-g) SEM images
taken at 45°tilt show the morphology of nanowires, where PH3% for each growth is given

at the top of each image. Vertical nanowire nucleation yield decreases with increasing
PH;%.

We expect the nucleation and morphology of nanowires to be affected by the addition of PH;
since the chemical potentials, surface energies and lattice mismatch of nanowire change
compared to binary GaAs nanowires. As PH; % is increased in Figure 5.2, the most prominent
morphological change occurs in the base of the nanowires. The seed particle surface energy and
chemical potential are altered when switching from GaAs to GaAsP growth. This alteration can
cause instability of the seed particle on the nanowire base and cause non-vertical growth at the

base. Note that the base of nanowires starts with GaAs stem growth; however, the rest of the
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base can be GaAsP due to slower growth rate at the base compared to nanowire. In fact, for 1.5
min GaAs stem growth followed by the growth of GaAsP, using cathodoluminescence we
observed that the base emits light in the spectral region corresponding to GaAsP (see section
5.5). Therefore, while switching from GaAs to GaAsP, lattice mismatch could be another reason
for decreased morphological quality of nanowire bases with increased PH; %. As the
composition of ternary nanowires increases in P content, the lattice mismatch between GaAsP
and GaAs increases, causing strain at the interface. This strain would alter the nucleation of the
new layers at the base of nanowires. Finally, during the switch of GaAs to GaAsP, there is a
short (10-40 s) pause during which all precursor flows are stopped and resumed with new values
for GaAsP. In general, these interventions may cause instability at the seed particle and cause
morphological issues such as kinking. We note that in the extreme case where growth is changed
from GaAs to GaP, nanowire growth is still observed. However, nanowire nucleation rate
decreases, meaning every Ga seed cannot evolve into a nanowire.

Next, the nanowire growth temperature was modulated to investigate its effect on nanowire
morphology and composition. At each growth temperature (450°C, 475°C and 500°C), GaAsP
nanowires were grown with PH; flow percentages of 70%, 90% or 98%. Morphology of
nanowires depends on both growth temperatures and PH; %, as observed from Figure 5.3. Above
70% PH; flow, nanowire nucleation rate decreases with increasing PH; %, resulting in the fact
that not every Ga seed evolves into a nanowire. Since the chemical potentials and surface
energies of nanowire change when switching from binary GaAs to ternary GaAsP nanowire
growth, nucleation of nanowires can be affected by addition of phosphine into the growth.
Furthermore, when the growth temperéture is increased, the nanowire morphology is also

affected. Apart from effects on the base of nanowires, we observe higher rates of kinking along
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the nanowires for a given PH; % with increasing growth temperature. This can be explained by
seed particle instability at higher growth temperatures during nanowire growth. The adverse
effects of high growth temperature and high PH; % on morphology of nanowires are prominent
on Figure 5.3-f), h) and i). Improved morphology of GaAsP nanowires can be achieved by
lowering PH; % at lower growth temperatures with sufficient GaAs stem growth duration.

70% PH, 90% PH, 98% PH,

Figure 5.3 Effect of PH;% and growth temperature on GaAsP nanowires. SEM images
taken at 45°tilt shows the morphology of GaAsP nanowires grown at 450°C (a-c), 475°C (d-
f) and 500°C (g-i). PH;% ranges 70%, 90% and 98% from left to right. Increasing growth
temperature and PH;% results in to lower vertical nanowire yield.

In summary, GaAsP ternary nanowires were grown on GaAs (111)B substrates by changing

growth temperature and PH; flow percentage. We observe that the growth conditions affect the
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morphology of nanowires, and lower growth temperature (i.e. 450°C) can be effective in
improving morphological quality and higher vertical nanowire yield. GaAs stem growth duration
is also an important factor to increase vertical yield of nanowires, such that longer GaAs stem

can increase the Ga droplet stability while switching to GaAsP nanowire growth.

5.3. Composition control using group V flow percentage and growth
temperature

The composition of ternary nanowires (i.e. x in GaAs;.,Px nanowires) can be modulated by
growth parameters. In the previous section, we analyzed the morphological properties of
nanowires grown with varying PH; % and growth temperature and confirmed that nanowire
growth can be achieved within parameter range of 50% - 100% PH3 flow percentage at 450°C —
500°C growth temperature. In this section, we investigate the effect of P precursor flow and
nanowire growth temperature on the resulting nanowire composition. We observe that GaAsP
nanowire composition can be controlled up to 30% P incorporation (between GaAs —
GaAs.7Po3), as well as GaP nanowires can be grown on GaAs (111)B substrate.

To determine relationship between P content and growth parameters, a series of experiments
with varying PH; flow percentage and growth temperature has been conducted. The composition
of nanowires was measured using energy dispersive x-ray spectroscopy (EDS) coupled with
transmission electron microscopy (TEM). Composition values are shown in Figure 5.4. EDS
results confirm that P content increases as PH; flow percentage increases, as expected; however,
growth temperature has little effect on composition of nanowires. At the growth temperature of
450°C, we observe that P content is less than 0.012 (1.2%) when the group V precursor mixture
contains 50% of PHj. Furthermore, P content increases nonlinearly with increasing PH; flow

percentage. At 90%, 95% and 98% PH; flow percentages, the P content of nanowire is
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0.100.01, 0.18+0.03 and 0.29+0.02, respectively. Even though 98% PH; flow percentage results
in GaAsg 7Py s, it is possible to achieve almost pure GaP (GaAsp.03Po907) when 100% PH; is flown
during nanowire growth. Therefore, we have shown that (1) GaAsP nanowires can be grown
between GaAs — GaAsg7Po3 with good morphology and composition control at growth
temperature of 450°C and (2) GaP nanowires can be grown on GaAs substrate, albeit vertical

nanowire yield is low and growth conditions require further optimization for GaP nanowires.
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Figure 5.4 Composition of GaAsP nanowires as a function of the group V precursor
composition. Composition is determined by quantification and averaging of tens of EDS-
TEM point spectra for each growth. P content increases with increasing PH: flow
percentage. Growth temperature does not affect composition of nanowires. The trend of
composition (x) as a function of PH3% can be fitted to an equation shown in the inset with
a parameter k, which represents incorporation ratio.

The composition of nanowires as a function of the precursor flow composition can be

described using the following expression, similar to studies of thin films'**!%¢

X _ﬁ*QPH3 _l Qphs
1-x ax*Quu, k QasH,

Equation 5-1
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Here, x represents the composition of the GaAs;..P, nanowire, Opnsz and Qa3 represents the
flow rates of precursors in sccm, and a and f are incorporation coefficients for As and P,
respectively. To represent the equation as a function of P content and PH; flow percentage only,
P content is replaced with x, As content by /-x, and PH; flow rate is replaced with PH; flow
percentage (Opus / (Opus + Oasuz) %) and AsH; flow rate replaced with AsH; flow percentage

(100 — PH; %). Rearranging the equation, we get:

(100 — PH3%)]_1

x= [1+k* PH,%

Equation 5-2

where k& = o/f represents the ratio of incorporation coefficient for As and P (incorporation
coefficient ratio). We fit the experimental data to this equation and find the fit parameter, k& =
102.5+6.1. This result indicates that the incorporation of As is 102 times more likely than P
when AsH; and PHj3 are provided as precursors.

Incorporation coefficients represent all of the processes that the gas phase hydride sources
(AsH; and PH3;) experience until they are incorporated into GaAsP. These processes are surface-
and gas-phase-reaction of the hydride source decomposition, adsorption/desorption of adatoms,
and nucleation of GaAsP layers under the seed particle. Due to presence of the seed particle,
some of these processes are different than for thin film growth of III-V ternary materials. For
example, decomposition of precursors is different on a solid surface (substrate) compared to
liquid surface (seed particle) and this is reflected in the incorporation coefficient. For self-seeded
nanowire growth between 450°C — 500°C, we observe that growth temperature does not
significantly alter the incorporation coefficient ratio, k& (Figure 5.4). This shows that although
growth temperature may affect processes such as the kinetics of decomposition and

adsorption/desorption, at this growth temperature window, the incorporation efficiency ratio does
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not change, possibly due to the fact that temperature dependences of many of these processes
cancel out each other, as discussed further below.

The nonlinear incorporation of P as a function of PH; flow percentage. Comparing our
results to thin film growth studies of GaAsP, we observe similar trend of nonlinear incorporation
of phosphorus as a function of precursor flow percentage for a given growth temperature (Figure
5.5). P content of thin films was fitted with the same equation to the experimental thin film

125,12

growth data'*>'*® however, resulting in a different incorporation coefficient ratio, k& (Equation
5-1 and Equation 5-2). The incorporation coefficient ratio of As over P, k, found in thin film
studies varies as a function of temperature and is generally lower than the nanowire value of
~102 (see Table 5-2), but higher than unity. As a result, for a given flow composition, P content
is higher in thin films than in nanowires (i.e. at 80% PHs, P content of GaAs,..P, is x = 0.21 for
thin films grown at 650°C, whereas x = 0.09 for nanowires grown between 450°C — 500°C). It
should be noted that in both thin film growth and nanowire growth, the incorporation of As is
more efficient than P for a given precursor ratio (k values are higher than unity in Table 5-2).

Therefore., we observe that ternarv
, wWe observe that ternary

to thin film growth where As incorporation is more efficient than P incorporation.
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Figure 5.5 GaAs,.,P, thin film growth. Phosphorus content of thin film (x) as a function
of the input phosphine ratio for growth temperatures between 650 - 850°C. Adapted from
Smeets.'*®

Effect of growth temperature on composition. The fact that we do not observe effects of the
growth temperature on the composition of nanowires is unique to the nanowire growth. In

GaAsP thin film studies, a strong growth temperature dependence of P incorporation was

25,127

observed for growth temperatures between 650 — 850 °C' . For thin film growth by

MOCVD, incorporation efficiency of PH; increases with increasing growth temperature'*>'?’
(incorporation coefficient of As over P, &, decreases), whereas for self-seeded nanowire growth
incorporation coefficient ratio is constant. The increase of P incorporation coefficient with
temperature has been attributed to the thermally activated processes of decomposition of PHj3

126,128

over the growth temperature range and adsorption and desorption Kkinetics and

25.129 . .
processes'*>'*? in thin film growth.

Using the temperature dependence of P incorporation during thin film growth, we extrapolate

incorporation coefficient ratio for the growth temperatures of self-seeded nanowires. It should be
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noted that the temperature dependence of P incorporation in thin film growth B/a = 1/k is
proportional to exp(— E./kT) where £, = 1.0+£0.1 eV between growth temperatures of 650 — 850
°C'®. Using this data, we estimate the incorporation coefficient for various temperatures below
this range in Table 5-2. If nanowire growth had the same growth mechanism as thin film growth,
the expected incorporation coefficient of As over P, k, would be between 165 — 483 for the
growth between 450-500°C. However, the value £ = 102.5 obtained from our measurements
shows that nanowire growth kinetics is different than the thin film growth such that P
incorporation is enhanced for these growth temperatures. The factors that cause temperature
dependence of P incorporation for thin film growth were attributed to PH; decomposition rate
and adsorption/desorption kinetics (note that at the thin film growth temperatures AsHj;

decomposition is complete'**"3%3!

). While these factors would still be relevant for nanowire
growth, it should be noted that at nanowire growth temperatures, AsH; decomposition rate is

thermally activated and lower percentage of AsH; decomposes at nanowire growth temperatures

compared to complete decomposition at thin film growth temperatures, which could be the

Table 5-2 Incorporation coefficient values (k) for thin film growth experiments'*® (left
column) is extrapolated to lower growth temperature ranges where nanowire growth is
generally performed.

B T (°C) k=a/p . T (°C) k=a/p
a L
i 650 12.99 25 450 483.77
S o B
= 700 7.14 = & 475 277.61
: gt
E 750 3.57 58 500 165.13
5 jon
& 800 2.08 g % 550 64.23
o n 5 oD

850 1.33 600 27.84
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Homogeneity of composition within nanowires. The distribution of P within single GaAsP
nanowires has been investigated with EDS in STEM using point measurements, linescans, and
elemental maps. Point measurements have confirmed fairly homogenous distribution in the
nanowire along the length and diameter within +5% (Figure 5.6). It should be noted that the
sensitivity of EDS detector is about 1-2%, which could affect the precision and increase standard
deviation. While some of the inhomogeneity may be attributed to the limitations of measurement
method, other reasons could be local availability of precursors as the nanowire growth
progresses. Depending on the local variations of precursors, the incorporation kinetics may be

different such that the P content could be affected along the length of nanowires.
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Figure 5.6 Compositional homogeneity along the length of GaAsP nanowires. a)
Phosphorus distribution along the nanowire length for different growth temperatures,

given in percentage, and b) artificially-colored dark-field STEM images. These nanowires
are grown with 98% PH; flow percentage; scale bar is the same for all nanowires shown in

(b).

Compositional homogeneity along nanowire diameter was investigated via EDS linescans
qualitatively. In Figure 5.7, we show nanowires grown with the highest PH; flow percentage
(98%) and corresponding EDS linescans for different growth temperatures. Because overall

composition of GaAsP nanowires has 50% group-III element (Ga) and 50% group-V elements
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(As and P), Ga composition is constant at every point in the nanowire, thus intensity of EDS
signal for Ga is dependent on Ga amount and reflects the thickness of nanowire along the line
scan (yellow line in dark field STEM images in Figure 5.7).The homogeneity of P can be
deduced by comparing P intensity to Ga and As intensities of the EDS signal. For growth
temperatures of 450°C and 475°C, we observe that intensity of the EDS signal for P follows a
similar profile to Ga and As intensities (Figure 5.7 a, b), meaning that P content is homogenous
in these nanowires and there is no discrete change in P composition along the linescan. For
growth temperature of 500°C, P intensity of the EDS signal shows some inhomogeneity, P
intensity does not follow Ga intensity in linescan position around 400 nm. The increase of P
intensity is accompanied with a small dip in As intensity suggesting a larger P content on the
right hand side of nanowire towards the edge. It should be noted that these intensity profiles of
the EDS signal are raw data; to quantify the composition one should consider the relative x-ray
emission efficiency of elements and thickness of the material for the absorption of x-ray
emission. However, even without quantification, it is possible to comment on the unintentional
shell deposition by looking at discrete changes near the periphery of nanowire diametcr. In the
case of 500°C growth temperature, P distribution profile is not monotonic, suggesting a non-
uniform core-shell type distribution of P content. It should be noted that at the growth
temperature of 500°C, the nanowire morphology is also affected as the optimal growth
conditions is not achieved. This could alter the local precursor availability and may create this

inhomogeneity.
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Figure 5.7 EDS linescans and corresponding dark-field STEM images showing
elemental distributions along nanowire diameter for growths performed with 98% PH;
flow at different growth temperatures (labeled for each figure). EDS intensity is shown in
red, green and blue for Ga, As and P, respectively (a-c, images on the left). Linescan
locations are given by yellow line on the dark-field STEM images (a-c, images on the right).

The P distribution along the diameter may show discrete changes due to unintentional shell
deposition during nanowire growth at high growth temperatures. Unintentional shell deposition

. 20,12
was observed for Au-seeded GaAsP nanowire growths*>'2*!*!

and is explained by radial growth
via vapor-solid (VS) growth mechanism at higher temperatures, where precursors decompose on
the nanowire sidewalls and deposition occurs on the nanowire sidewalls. This mode of growth is
named vapor-solid referring to the fact that vapor precursors incorporate to solid directly in
contrast to vapor-liquid-solid growth where gas precursors decompose and alloy/diffuse through
seed particle or seed/nanowire interface and deposit solid layers. Two growth modes lead to
different incorporation ratio of competing group V elements during ternary nanowire growth;
therefore P content could be different in the VLS-grown core compared to VS-grown
unintentional shell. VS growth mechanism is pronounced at high temperatures where thermally
activated processes such as precursor decomposition and nucleation can occur at a higher
probability without the necessity of a seed particle.

Overall, we have shown that GaAsP nanowires have homogenous composition along their

length and diameter for lower growth temperatures of 450°C and 475°C.
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5.4. Strain and composition measured by x-ray diffraction

A common method to determine composition and strain state of epitaxially grown ternary
semiconductors is reciprocal space mapping (RSM) in an x-ray diffractometer (XRD). Lattice
parameter of a ternary semiconductor is a function of its composition; however, epitaxial growth
exerts in-plane biaxial strain due to lattice mismatch and distorts the crystal structure, thus lattice
parameter in normal and plane direction changes. Diffraction spot from a crystal plane will have
a different position for GaAs substrate and GaAsP nanowire and difference in position of
diffraction spot for a plane that is not normal to growth direction (asymmetrical reflection) is
dependent on composition and strain state of GaAsP nanowire. Working principle of this method
and calculation of composition and strain from RSM are described in 2.2.4. The advantage of
RSM over EDS-TEM (section 5.3) for composition determination is sample size — nanowire
composition is calculated from a large area (in the order of mm?), therefore statistically more
significant average composition can be obtained. Furthermore, RSM uses nanowires that are still
attached to the substrate and provides information on the strain state of GaAs/GaAsP interface.
The RSM method is commonly used in thin film growth to determine the composition and
relaxation of the films; here we apply this method to nanowires to get insight about relaxation of
nanowires as well as the applicability of this method for nanowire composition determination.

Collection of RSM maps and analysis was performed as follows: first coupled 2theta
(26)/omega (o) scans that varies over omega values (relative omega) are collected. Intensity
profile of each coupled scan is combined together to create a map. Then, these maps are
converted to g, — g. maps. Using the peak information data in the RSM, the lattice mismatch of
nanowire and substrate is found and composition of nanowires is calculated. In these

experiments, we collected (422) asymmetrical reflection to gain information about lattice spacing
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and strain simultaneously using a grazing incidence condition that is surface-sensitive. (see 2.2.4
for more detailed description).

2theta/omega maps were collected for GaAsP nanowires on GaAs substrate to observe the
effect of growth conditions on lattice spacing, which reflects the composition of GaAs;..P,
nanowires. In Figure 5.8, we observe the effect of group V precursor percentage on lattice
spacing, where nanowires grown at the same growth temperature of 450°C with different
PH/(PH3;+AsH3)% are shown. The strong peak at ~83.7° 26 belongs to GaAs substrate, while
GaAsP peak partially overlaps with GaAs substrate peak at 70% and 80% PH3 (Figure 5.8 a-b)
and separates as a distinct peak after 90% PH3(Figure 5.8 c-e). GaAsP peak is observed at higher
2theta values due to smaller lattice constant of GaAsP than GaAs. Therefore, the lattice spacing
of (422) crystal planes in GaAsP is getting smaller with increasing PH3 percentage as the P

content of nanowires increases.

a) 70% b) 80% c) 90% d) 95% e) 98%
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Figure 5.8 2theta-omega diffraction maps shown for (422) reflections coming from
GaAsP nanowires and GaAs (111)B substrate. We qualitatively investigate the shift of (422)
peak coming from GaAsP nanowire as a function of PH; percentage during growth (top
right turquoise spot in images is GaAsP reflection, below 90% PHj3 the spot for GaAsP
nanowire overlaps with GaAs spot). All nanowires are grown at 450°C.

Apart from the effect of PH; percentage on the lattice spacing, we also investigated the effect
of growth temperature on nanowire structure. The growth temperature affects the growth Kinetics

and may alter the incorporation of group V atoms, which would alter the composition of

111



nanowires. This compositional change, in turn, results in a change in the lattice spacing that can
be detected by XRD. Figure 5.9 shows the 2theta/omega maps of GaAsP nanowires grown with
different growth conditions (growth temperature and PH; flow percentage). The strong peak at
~83.7° belongs to the GaAs substrate, whereas the weaker peak at higher wavelengths belongs to
GaAsP nanowires. The peak position of GaAsP nanowires changes as a function of growth
conditions, showing that the lattice constant of the nanowires, thus composition, is changing. For
each growth temperature, the effect of PH; percentage exhibits a similar trend, where GaAsP
peak position is observed at higher 26 and higher relative @ with increasing PH3 percentage. On
the other hand, for a given PH3 percentage, the growth temperature does not have a clear effect
on the peak position, such that GaAsP peak position is observed at higher 26 and higher relative
o when temperature is increased from 450°C to 475°C, however GaAsP peak is at lower 26 and

lower relative @ position when temperature is increased from 475°C to 500°C.
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Figure 5.9 Effect of growth temperature and PH3% on P composition, deduced from
2theta-omega diffraction maps. Growth conditions are given at the label of each image.
(422) reflections coming from GaAsP nanowires and GaAs (111)B substrate are labeled in
figure (f). GaAsP peak shifts in 2theta and omega, showing the changes in lattice spacing as
a result of compositional changes.

In Figure 5.9, certain features of RSM present challenges in composition quantification.
GaAsP nanowires grown with 70% PH; exhibit a peak that is close to the GaAs substrate peak,
complicating the peak shift analysis for this growth condition. For growth temperatures of 450°C

and 475°C at 90% and 98% PH; flow percentage, GaAsP nanowires exhibit a separate peak, but
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at 500°C it broadens. The broadening of the peak at 500°C could be a result of the
inhomogeneous composition and the lattice spacing. In fact, as shown in section 5.3, we
observed P inhomogeneity for nanowires grown at 500°C using EDS. Apart from a broader peak,
the GaAsP peak position is observed at lower 26 and lower relative @ position when temperature
is increased from 475°C to 500°C, suggesting at this growth temperature, the composition of
GaAsP nanowire has a lower P content than nanowires grown at 475°C.

Using these two peak positions (2theta values) in Figure 5.9, it is possible to calculate the
lattice spacing, d, via Bragg’s law; however, the calculated value does not relate directly to the
lattice constant (therefore composition) due to distortion of the lattice as a result of the lattice
mismatch. Epitaxial growth of GaAsP on GaAs results in lattice mismatch strain, and can be
defined as biaxial isotropic in-plane strain, with zero stress along the growth direction, and zero
shear strain at the interface. For cubic materials, elastic theory under biaxial strain dictates the

relationship between strains in plane (&) and normal directions (¢.;) as follows:

2v

Equation 5-3

where v is Poisson’s ratio along <111> direction (growth direction). Once the lattice constants of
the strained nanowire at lateral and normal directions are found, they can be related to the strain
in those directions and Equation 5-3 can be numerically solved for composition, x (see 2.2.4 for

more detailed description).
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Figure 5.10 RSM (g. — ¢, maps) of (422) reflection of GaAsP nanowires grown on GaAs
(111) substrates under different growth temperature and PH;% conditions (each image is
labeled with the growth conditions). Composition and strain is later calculated using the
peak positions of GaAs and GaAsP reflections.

Reciprocal space maps (RSM) of g, — g- were calculated by converting 2theta/omega maps

using relations given in section 2.2.4 by LEPTOS software. Using the peak information of g. — g:

RSM, composition and strain of nanowire can be calculated. We plot RSM of GaAsP nanowires

grown with different PH; flow percentage (70%, 90% and 98%) and growth temperatures
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(450°C, 475°C and 500°C) in Figure 5.10. The strong peak at lower g. values belongs to GaAs
substrate, whereas the smaller peak above GaAs peak belongs to GaAsP nanowires, as labeled in
Figure 5.10-f. In these maps, we observe that GaAsP reflection is distinct with respect to the
substrate, showing different composition and strain states.

Using the peak information (g, and g. values), we calculated the composition and relaxation
of the nanowires in each map (Figure 5.11). For a given growth temperature, calculation of
relaxed lattice parameter indicate that P content increases with increasing PH; flow ratio, which
is similar to EDS composition determination in section 5.3. An exception is 95% PH3 flow ratio,
where the P content exhibits a small decrease for that flow ratio. For a given PH; flow ratio,
however,’the P content trend is different than the one measured by EDS. According to RSM, the
P composition increases as the growth temperature is increased from 450°C to 475°C and then
decreases for 500°C; whereas according to EDS measurements, P content is the same for
different growth temperatures. The observed discrepancy for 500°C might be attributed to the
broader GaAsP peak — according to EDS results, we observed inhomogeneity of P content along
the nanowire diameter, suggesting higher P content along the circumference compared to the
nanowire core. P content inhomogeneity would cause a broader RSM peak due to variations in
lattice constant in the nanowire. Because the broad GaAsP peak starts to overlap with GaAs
peak, the highest intensity position of broad peak may be shifted and may cause inaccuracy in
calculating the average composition of GaAsP nanowires. Also, it should be noted that for 70%
PHj; flow percentage the P composition is around x=0.1 for 450°C and 475°C, which is different
than EDS, where P composition was found less than x=0.05, where RSM method may contain

inaccuracy due to combined peak of GaAs and GaAsP. In general, composition estimation using
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RSM shows a linear dependence on PH; flow percentage compared to the nonlinear nature of
EDS measurements.

Relaxation data shows that with PH; flow percentage, relaxation of GaAsP nanowires
generally increases, except at growth temperature of 500°C. Theoretical relaxation values vary
between 0 and 1, where fully strained pseudomorphic layer has a relaxation of 0, and fully
relaxed layer has a relaxation of 1. The minimum relaxation value of GaAsP nanowires is over
0.65, which means that nanowires are 65% relaxed. This confirms the contribution of relaxation
at releasing strain from the sidewalls of the nanowires due to free surfaces. It should be noted
that thermal expansion coefficient is not taken into account during calculation of composition
and relaxation, even though the nanowires are grown on the substrate at high temperatures and
measurement is performed at room temperature. This may induce experimental errors in

calculation of composition and relaxation and may result in relaxation values >1.
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Figure 5.11 a) Composition and b) relaxation of GaAsP nanowires calculated using
RSM of (422) reflection by XRD. P content increases with increasing PH3% during growth,
similar to results measured by EDS (a). Relaxation graph shows the relaxation of strain in
GaAsP built up due to lattice mismatch between GaAs and GaAsP. Nanowires show over
65% relaxation in all cases; however, a clear trend between growth conditions and
relaxation was not observed.

Strain in the GaAsP nanowires is accommodated for an epitaxial growth by means of elastic
or plastic deformation. Since nanowires have a large surface area on the sidewalls, most of the

strain is expected to accommodate by elastic deformation. The strain state of nanowires is
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determined by the relaxation, R, calculated using RSM data. Complimentary techniques may be
applied to understand the strain relaxation mechanism.

To confirm that GaAsP peak comes from nanowires, and not from the parasitic growth on the
substrate, we designed a control experiment in which nanowires were removed from the
substrate and the resulting film was investigated using diffraction, as shown in Figure 5.12. The
first row shows the 2theta/omega maps, g. — g. maps, and nanowire morphology of GaAsP
nanowires on the growth substrate (Figure 5.12 a-c). During nanowire growth, a thin defective
layer of parasitic growth can grow on the substrate in addition to nanowires. When nanowires are
removed (Figure 5.12 f), 2theta/omega maps, g, — g maps only exhibit GaAs substrate peak
(Figure 5.12 d-e). This confirms that GaAsP peak observed in the maps previously results from

the nanowires and not from the parasitic thin film growth.
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Figure 5.12 The source of GaAsP peak in RSM is nanowires. a, b) RSM is performed on
a GaAs substrate that has GaAsP nanowires. ¢) Corresponding SEM image of sample used
to obtain maps in (a, b) is shown. d, ¢) RSM is performed on a sample, where GaAsP
nanowires are removed mechanically. f) Corresponding SEM image of sample used to
obtain maps in (d, e). Nanowires are removed but an overgrowth layer is observed. During
growth, along with nanowires, a parasitic over-growth occurs on the substrate. By
removing the nanowires but keeping the over-growth layer intact, we performed RSM
measurement and observed only GaAs peak. Therefore, the over-growth layer does not
contribute to the information on RSM and GaAsP peak comes from GaAsP nanowires.

Discussion of discrepancy in composition determination by XRD-RSM and TEM-EDS. In this
chapter, we investigated the composition of GaAsP nanowires using two methods: TEM-EDS
and XRD-RSM and obtained slightly different results. The discrepancy in measured/calculated P
content may rise from the indirect nature of XRD method for composition determination. XRD
measures the lattice spacing in the structure and the accuracy of XRD depends on uniformity of
lattice spacing. When the lattice spacing is not uniform in the structure, the diffraction peak is

broadened and peak information is less accurate. For example, relaxation at the sidewalls may
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cause nonuniform strain in the nanowire, therefore nonuniform lattice spacing. Furthermore,
inhomogeneity of P content would alter the lattice spacing. Therefore indirect nature of XRD
combined with probing a large area with many nanowires may cause imperfect estimations of
composition especially for complex nanowire structures where a three dimensional relaxation
should be considered. On the other hand, TEM-EDS is a direct method to quantify composition
where relative x-ray intensities emitted from each element of nanowire is detected and correlated
with the composition in the nanowire. While there are some other parameters to consider for
EDS measurements, such as the reabsorption of x-rays within the thickness of the nanowire, the
probe size is much smaller and composition information from a small region of a single
nanowire can be investigated. From RSM measurement, average composition and relaxation

information over a large area is attained.

5.5. Optical properties of GaAsP nanowires

The control of optical properties of nanowires is crucial for integration of nanowires in
devices. An important property is the band gap of nanowires that is directly dependent on the
composition (in our case, P content) of ternary nanowires. To determine the band gap of the
nanowires, cathodoluminesce (CL) coupled with scanning electron microscopy (SEM) was
conducted on GaAsP nanowires. The advantage of CL-SEM is that single nanowires can be
excited while they are attached to the growth substrate and the band gap of the irradiated region
of the single nanowire can be determined.

We investigated GaAsP nanowires grown with 90% PHj3 fiow percentage in CL-SEM. F igure
5.13a shows the SEM image of GaAsP nanowires epitaxially grown on GaAs substrates.
Panchromatic CL at room temperature reveals a bright emission from the base of nanowires
(Figure 5.13b), whereas the rest of the nanowire shows relatively low CL intensity. Point spectra
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obtained at 77K both along the nanowire and at the base (Figure 5.13¢) confirmed that the base
and nanowires consist of GaAsP. However, the emission peak has a lower energy at the base
(1.703 eV vs. 1.727 eV - 1.731 eV for nanowire regions), which indicates lower P content or in-
plane tensile strain at the base due to lattice mismatch compared to relaxed nanowires'*>. We can
convert the emission energy to composition assuming relaxed nanowires'> and find that these
nanowires exhibit a P content of 0.157 at the base (i.e. GaAsgs43Po.157) and x = 0.176 — 0.180 at

the nanowire, which is higher than the composition determined by EDS, x = 0.10 (GaAs,9Po.1).
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Figure 5.13 Optical properties of GaAsP nanowires measured by CL in SEM. a,d) SEM
image, b,e) PanCL image at room temperature and c,f) spot mode analysis at 77K are
shown for GaAsP nanowire growths performed with 90% PH; (a-c) and 95% PHj; flow
percentage at 450°C.

Furthermore, we investigated GaAsP nanowires grown with 95% PH; flow percentage in
CL-SEM. SEM image and panchromatic CL images (Figure 5.13d,e) show the nanowire

morphology and the corresponding emission at room temperature that again comes from the base
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of the nanowire. Analysis of point spectra taken at 77K reveals that the base emission has a
larger CL peak width, suggesting that there may be compositional or strain variation at the base.
The emission peak at the base can be fitted to two peaks at 1.721 eV and 1.772 eV,
corresponding to x = 0.172 and x = 0.213, respectively. Emissions peaks from the two spots on
nanowire have peaks both at 1.734 eV, corresponding to x = 0.182. Emissions from nanowire
regions agree well with EDS measurements for nanowires grown with 95% PH; flow percentage
which exhibited composition of x =0.18 (GaAsg 73Po.15).

While investigating GaAsP nanowires that are still attached to the growth substrate, the
morphological and compositional structure of nanowire nucleation is important to consider. To
review the growth process, vertical GaAsP nanowire growth was achieved by growing a few
layers of GaAs base firstly, and then GaAsP nanowire growth is started, as described in section
5.2. Therefore, nanowire bases are initiated with GaAs and then switched to GaAsP. The
monochromatic CL emission at 720 nm at room temperature (refers to GaAsg 76Pg24) confirms
that bases are consisting of GaAsP. Even though nanowire morphology is exhibiting kinked
growth, the bases of nanowires show bright emission centered at 720 nm, which corresponds to

GaAsP composition x = 0.24.

monoCL 720nm

Figure 5.14 Room temperature monochromatic CL (720nm) of GaAsP nanowires on
GaAs (111)B substrate grown at 450°C with 95% PH; flow percentage. Emission at 720nm
would indicate a P composition x = 0.24. Comparing SEM image and monoCL map of
corresponding region confirms that nanowire bases consist of GaAsP. Locations of the
nanowire bases are labeled for ease of comparison.
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CL showed high intensity emission at the base of the nanowires compared to the nanowire
itself, as observed in Figure 5.13 and Figure 5.14. This high intensity emission in the base
suggests that the base is high quality crystal, free of defects. Furthermore, the surface area at the
base is smaller compared to nanowires. The nonradiative recombination rate is larger at the free
surfaces; therefore this might be one of the reasons of quenched CL emission at the nanowires.
Also, the base is thicker compared to the nanowires, and since the material amount directly
relates to CL emission intensity, it is expected that nanowires exhibit lower intensity than

nanowires.

5.6. Summary

In this study, we investigate the compositional control of Ga-seeded GaAsP ternary
nanowires grown by MOCVD. The effects of the group V precursors percentage (arsine and
phosphine) and the growth temperature (450-500°C) on P content in GaAsP nanowires were
studied. We observe that P content in nanowires increases nonlinearly with increasing phosphine
flow percentage, similar to thin film experiments. However, in contrast to thin-film growth,
growth temperature dependence of P incorporation was not observed for nanowires grown
between 450-500°C, suggesting that at this growth temperature decomposition of both precursors
is kinetically limited. RSM measurements revealed GaAsP nanowires relieves the strain due to
lattice mismatch between GaAs and GaAsP to the degree of 65% - 100%. The nanowire base
exhibits high intensity cathodoluminescence (CL) emission, indicative of high crystalline quality
and therefore elastic accommodation of strain between GaAs substrate and GaAsP nanowire.
Band gap tunable, high quality self-seeded GaAsP nanowires would be beneficial for solar cell

applications.
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Chapter 6: Gas sensor application

In this chapter, we investigate the nanowire/polymer hybrid gas sensors for room temperature
sensing of volatile organic compounds such as methanol and toluene.' Self-seeded GaAs
nanowires grown on GaAs (110) and GaAs (111)A are chosen based on the high densities of
nanowire that can be achieved. GaAs nanowires are coated with polymer and tested for sensing

of methanol and toluene.

6.1. Introduction

Although we acclaim the semiconductor nanowires due to their ability to combine
optoelectronic properties of semiconductors with one-dimensional morphology, morphological
aspects of nanowires such as increased surface area may be beneficial for other applications.
Nanowires provide high surface-to-volume ratio and are aligned on a substrate via epitaxial
relationship. This highly uniform nanowire arrays can be utilized as a scaffold in other
applications, such as gas sensors. Gas sensors can be built by coating a surface with a conducting
polymer layer, where polymer resistance depends on surface coverage of adsorbed gases that is
being detected, defined as chemiresistor. Nanowire morphology addresses some of the
challenges of gas sensor applications such that the sensitivity and signal to noise ratio would be
increased with increased surface area. Such gas sensors have been demonstrated using carbon

nanotube arrays, where increased surface area was essential for sensitivity and response of gas

" The gas sensor application project is performed in collaboration with Xiaoxue Wang, Dr.
Hilal Goktas and Prof. Karen Gleason in Chemical Engineering Department at Massachusetts
Institute of Technology.
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sensors.”” In this case, however, the conformal coating of polymer on the carbon nanotube
scaffold was challenging due to clumping of carbon nanotubes. Good conformal coating on
GaAs nanowire arrays would be possible and enhanced gas sensing response could be achieved
for nanowire/polymer chemical sensors. We have investigated using GaAs nanowires grown on
(110) and (111)A substrates in gas sensor applications and high resistive response of
GaAs/polymer gas sensors is observed. Since this application is not the main scope of this thesis
and this is an ongoing effort, we describe some of the progress with GaAs/polymer gas sensors

briefly below.

6.2. Gas sensor device structure

Self-seeded GaAs nanowires are grown on GaAs (110) and GaAs (111)A substrates as
described in section 2.1.2. The knowledge built in Chapter 4: is utilized to obtain nanowires with
different densities, and we used nanowires grown on (110) substrate to provide medium density
(Figure 6.1a) and nanowires grown on (111)A substrate to provide high density (Figure 6.1b).
The structure of the gas sensor is shown schematically in Figure 6.1c, where nanowires are
coated with polymer and two aluminum alligator clips on both ends of the samples are used to
measure the resistance change when exposed to analytes. Nanowires are conformally coated with
poly(3.4-ethylenedioxylthiophene) (PEDOT) using oxidative chemical vapor deposition (0cCVD)
(Figure 6.1 d,e). The thickness of the polymer coating is controlled by the duration time of
oCVD. The measured thickness of the polymer is between 100-150 nm.

The test on the sensing performance was conducted on a homemade test chamber. During
measurement, concentration of 0-2400 ppm of analyte gas is flown with N, carrier gas (3000

sccm). The testing is performed in a controlled flow oven, and the temperature is set at 30°C.
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Figure 6.1 The structure of GaAs nanowire/PEDOT polymer gas sensor. a-b) SEM
images of GaAs nanowires grown on (110) substrate (shown at top view) and (111)A
substrate (shown at 45° tilt), respectively. The insets show the nanowire morphology at 45°
tilt, scale bar is 500nm. c¢) Schematic of gas sensor device structure, where GaAs nanowires
are coated with PEDOT polymer and metal contacts are placed to measure the resistance.
d-e) SEM images of PEDOT polymer coating on GaAs nanowires grown on GaAs (110)
and (111)A, respectively (shown at 45° tilt). Conformal coating of polymer can be seen in
the insets of the images.
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6.3.

The sensing response of gas sensors was measured for two different volatile organic
compound analytes: methanol and toluene (Figure 6.2). For each analyte, gas sensors based on
different density of GaAs nanowires were used to measure the resistive response. For both
analytes, the sensors with higher density exhibit a larger absolute resistive response. Since higher
density arrays provide a larger surface area, this larger resistive response is expected with the
increase of sensing area. Among different analytes (methanol and toluene, Figure 6.2), the
resistive response of PEDOT polymer is larger in methanol than toluene. This could be due to

the polar nature of methanol compared to toluene. shows the resistive response of gas sensors to

methanol and toluene, respectively.

The resistive response is defined as

where Ry, is the device resistance with the presence of the analyte gas and Ry is the

R
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Figure 6.2 Resistive response of GaAs/PEDOT polymer gas sensors to a) methanol and
b) toluene. Two types of gas sensors is used based on the density of GaAs nanowires. Ga
sensors based on high density nanowire arrays give a larger absolute resistive response,
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suggesting the importance of surface area increase as a result of density increase.
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6.4. Conclusion

We have investigated a potential application of GaAs nanowires in volatile organic
compound sensing. The morphology of nanowires provide increased surface area, which
increases the sensing quality of these devices. GaAs nanowires grown on (110) and (111)A
substrates were conformally coated with PEDOT polymer and resistive response of PEDOT
polymer was measured as a function of analyte concentration. The analytes used in this project
were methanol and toluene. High signal-to-noise ratio, room temperature operation gas sensors

are viable alternative sensor direction.
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Chapter 7: Conclusions

In this thesis, we established an experimental framework for self-seeded growth of III-V
nanowires by MOCVD. Nanowires are potential building blocks for a range of opto-electronic
applications, and thanks to their non-planar morphology they offer potential advantages in the
physical processes that leads to enhanced absorption, reduced reflection, or confinement of
carriers. To achieve the potential advantages of nanowires for device applications, controlled
growth in terms of morphology, alignment, areal density, and composition is required.
Furthermore, high purity of materials that is achieved in thin film growth should be ideally
achieved in nanowire growth. Whereas typical nanowire growth involves a foreign metal seed
particle, nanowire growth via a self-seeded mechanism eliminates possible incorporation of
impurities from foreign the metal seed by using one of the constituent elements of the nanowire
as the seed particle. In this thesis, we established controlled growth of self-seeded binary and

ternary lII-V nanowires in the case of GaAs and GaAsP materials systems.

7.1. Summary of the thesis

Controlled self-seeded III-V nanowire growth was investigated in three distinct stages. First,
we established self-seeded growth of IlI-V binary nanowires and demonstrated GaAs nanowire
growth using MOCVD where in situ deposited Ga droplets were used as seed particles. Next,
density and diameter control of self-seeded nanowire arrays were demonstrated in Chapter 4.

Next, these findings on binary GaAs nanowire growth were extended into self-seeded ternary
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GaAsP nanowire growth and composition of GaAs,..P, nanowires was achieved between x = 0 —
0.3 as well as GaP (x = 1) nanowire growth was demonstrated.

In Chapter 3, self-seeded GaAs nanowire growth was achieved by a two-step growth. We
have demonstrated the importance of separation of seed deposition temperature and nanowire
growth temperature to achieve growth of highly reproducible, high yield vertical nanowire
arrays. Furthermore, by investigating the morphology and structure of these nanowires, we were
able to elucidate the growth mechanism of Ga-seeded GaAs nanowires. To summarize, in situ Ga
deposition results in formation of Ga droplets on the substrate. When nanowire growth was
initiated by flowing Ga and As precursors, nanowire nucleation starts with a wider base that has
a high degree of tapering followed by the nanowire growth, where nanowires have a smaller
degree of tapering compared to the base. Investigation of the tapering behavior among nanowires
with varied diameters has shown that the tapering rate is independent of the starting diameter.
With this knowledge, tapering rate was modeled by relating seed diameter change with respect to
the growth rate, and seed diameter was calculated using the seed volume changes due to
incorporation and extraction of Ga. This model shows that the tapering is dependent of the Ga
flux into the seed particle and the growth rate. We also investigated radial shell growth, which
occurs due to incorporation of precursors directly on the nanowire sidewalls via vapor-solid
mechanism. The presence of radial shell growth was only found for longer growth durations,
which showed that once Ga seed is consumed, precursors incorporate to the nanowire sidewalls
via VS mechanism. Radial shell growth was eliminated by optimized growth durations. These
findings on nucleation and growth mechanisms of Ga-seeded GaAs nanowire arrays are expected
to be similar for other self-seeded I11-V nanowires and therefore can guide the research for other

material systems.



In Chapter 4, density and diameter control of Ga-seeded GaAs nanowire arrays were
achieved by varying seed deposition temperature and substrate orientation. Density of nanowires
was increased from 5.5x107 nanowires/um’ to 82.2x107 nanowires/um’, whereas nanowire
diameter was decreased from 1.3 um to 167 nm by decreasing seed deposition temperature from
600°C to 500°C. Furthermore, substrate orientation was found to have a key impact on nanowire
density and diameter. For the same seed deposition and nanowire growth procedures, nanowires
grown on GaAs (111)B substrates had smallest density and largest average diameter. Nanowires
grown on GaAs (110) had medium density and diameter, whereas nanowires grown on GaAs
(111)A substrates had the highest density and smallest nanowire diameter. This vast difference of
density, almost three orders of magnitude, is caused by only the substrate orientation and is
linked to the seed nucleation kinetics — a change in chemical potential of adsorbed Ga atoms and
surface energies of substrates would play a role in the seed formation. This result illustrates the
importance of surface properties and versatility of density control of self-seeded nanowire
growth.

In Chapter 5, ternary GaAs,.P, nanowire growth on GaAs (111)B substrate was
demonstrated using Ga-seeded nanowire growth mechanism. We achieved composition control
between x = 0 — 0.3 as well as demonstrated GaP (x = 1) nanowire growth. Composition control
was achieved by altering the relative percentages of group-V precursors during growth. P content
has shown a nonlinear relationship with respect to the precursor (i.e. phosphine) flow percentage;
however, this behavior was fitted to an equation derived in a similar way to thin film
experiments. This analysis allows us to relate controlled composition of ternary nanowires to the
growth parameters. The strain in GaAsP nanowires due to lattice mismatch between GaAs and

GaAsP was investigated using reciprocal space mapping and it was observed that most of the
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strain is relaxed, as expected in nanowire systems. The cathodoluminescence emission of GaAsP
nanowire base indicated the high crystalline quality of GaAsP nanowires, which suggested
elastic accommodation of strain due lattice mismatch. High quality, compositionally controlled
ternary nanowires enables band gap engineering, which would be beneficial for solar cell
applications.

The implications of this work can be summarized as following: in this thesis, high
throughput, highly scalable self-seeded I11-V nanowire growth method has been established and
GaAs and GaAsP nanowire grown with this method has been demonstrated. Ga-seeded nanowire
grth by MOCVD had very limited success prior to this work, whereas MBE-grown Ga-seeded
GaAs nanowires were demonstrated; therefore, our work opens up realm of Ga-based I[1I-V
binary and ternary nanowire growth using MOCVD, where high throughput and scalability can
be achieved. Furthermore, the two-step method developed for self-seeded nanowire growth,
where in situ seed deposition at higher temperatures is followed by nanowire growth at lower
temperatures, has been essential to control the density and diameter of nanowires. Because
nanowire growth can be achieved within a limited growth parameter space, decoupling of seed
deposition and nanowire growth parameter spaces enables density and diameter control required
from self-seeded nanowire growth. Two-step method can be applied to other materials system to
achieve diameter and density control of self-seeded nanowire growth. Lastly, after demonstration
of self-seeded mechanism for binary materials, we extended this work to ternary materials where
band gap engineering through compositional control is possible. Composition control affects the
band gap and lattice parameter simultaneously; however, lattice mismatch can be accommodated
in nanowires to some extend thanks to effective relaxation at the nanowire sidewalls. Band gap

engineering of ternary nanowires with minimum constraints on lattice mismatch would open up
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the possibilities in opto-electronic devices that cannot be readily achieved in devices based on a

planar morphology.

7.2. Suggested future work

7.2.1 Nanowire growth on more abundant substrates

In this thesis, we have demonstrated I11-V nanowire growth on III-V substrates by MOCVD.
However, from a cost and scalability perspective, more abundant and less expensive Si substrates
can be utilized for nanowire growth. Therefore, an extension of the thesis work could focus on
Ga-seeded nanowire growth on Si substrates by MOCVD. According to the knowledge
developed in this thesis, the density and diameter of nanowires would be dependent on the
surface energy of Si substrates as well as chemical potential of Ga adatom on Si substrate.
Further considerations for the growth of self-seeded nanowire growth on Si substrate can be
acquired from literature: Ga-seeded GaAs nanowire growth on Si substrates has been
demonstrated in MBE and silicon oxide layer was found to be important to immobilize Ga

droplets.

7.2.2 Axial heterostructures

Axial heterostructures, where abrupt compositional changes occur along the nanowire length,
can be beneficial to localize carriers along the nanowire growth direction for the optoelectronic
applications. In the self-seeded mechanism, such abrupt axial structures should be possible for
compositional changes of group-V material due to the low solubility of group-V element in
group-III seed particle. Changing precursors of group-V material would result in change in the
composition of nanowire. It should be noted that a purge step might be necessary to achieve

abrupt transition of composition, since the remaining precursors on the reactor walls could
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incorporate into the nanowire and create a compositional gradient at the heterostructure interface.
For axial structures achieved by compositional changes of group-IIl materials, abrupt changes in
composition would be more challenging since the seed particle consists of the group-III element.
One possible route for achieving abrupt changes in composition of group-II1 element would be
consumption of seed particle first and then restarting growth by implanting new seed particles
with desired composition only on the nanowires. In this approach, a mask layer on the substrate

may be required to facilitate selective placing of seed particles on nanowires.
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