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Abstract

The Au nanoparticle-assisted growth of coaxially heterostructured III-V
compound semiconductor nanowires (NWs) on foreign substrates, through gas-
source molecular beam epitaxy, was explored. The structural properties of
GaP/GaAsP NW systems were characterized through extensive -electron
microscopy-based techniques, leading to several key findings. A core-multishell
NW architecture was defined, based upon the combination of seed-mediated axial
growth and sidewall diffusion-mediated radial growth regimes. The formation of
undesirable stacking faults, characterized as zincblende insertions within an
otherwise wurtzite crystal, was effectively eliminated through the control of seed
supersaturation. Thus, a novel method for the elimination of stacking faults and
achievement of phase-purity in NW heterostructures was realized. The non-
uniformity of group V adatom incorporation within NW segments composed of
ternary III-V compounds was also investigated. The effects of preferential P-
incorporation and passivating GaP shell layers on the optical properties of GaAsP
core segments were determined through spectroscopic characterization
techniques.

Furthermore, the growth of GaAs NWs on several foreign substrates,
including single crystalline Si substrates, stainless steel foils, glass substrates with
polycrystalline Si buffer layers, carbon-nanotube (CNT) composite films, and

highly-ordered pyrolytic graphite (HOPG), was explored. Growth on HOPG was



shown to proceed according to a Ga-assisted mechanism, for which a qualitative
growth model was proposed. Au-nanoparticle mediated growth was achieved on
all other surfaces. The CNT composite films were selected as the most suitable
substrate for the fabrication of NW-based opto-electronic devices. Flexible
photovoltaic cells were fabricated using this nano-hybrid material, demonstrating
a conversion efficiency of 0.32% under mechanical flexure up to a bend radius of
12.5 mm. The GaAs NWs were confirmed to be the active light-harvesting
medium, while the CNT films served as flexible substrates and back-side
electrodes. This work is presented as a novel route towards the realization of low-

cost, flexible NW-based opto-electronic device applications.
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Chapter 1

Background and Motivations

The study of semiconductor nanowires is one of a multifaceted nature,
relying, at its core, upon a foundation of solid-state physics. The controlled
growth of such high aspect ratio, single crystalline structures is rooted in the
seminal work of Wagner and Ellis, first presented in the 1960°s, and is understood,
to this day, based on their model of the vapour-liquid-solid (VLS) mechanism for
the bottom-up assembly of adatoms, leading to the anisotropic formation of
crystals [1]. Since then, the nanowire field has developed into one of the most
active research areas in nanoscience and nanotechnology [2]. The high degree of
interest in the field is due, in one respect, to the wealth of information these
pseudo one-dimensional structures provide for the realm of crystal growth. In
another respect, semiconductor nanowires present a medium through which the
landscape of the semiconductor devices industry can be appreciably reshaped and
advanced, through novel device architectures and improved performance
capabilities.

This chapter is intended to serve as a source of relevant background
information, providing for the reader the requisite introductory concepts related to
the growth of nanowires (NWs) and the scope of their integration within opto-
electronic devices. Starting with Section 1.1, a brief overview of several notable

1
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NW-based opto-electronic devices published in recent literature is presented. Our
focus is shifted, in Section 1.2, towards specific motivations for the employment
of coaxially heterostructured NWs in photovoltaic applications. In Section 1.3,
we explore the VLS mechanism as related to the growth of NWs composed of I1I-
V semiconductor compounds. This discussion is extended to the assembly of both
axial and coaxial NW heterostructures. Finally, the chapter is brought to a close
by defining the scope and framework of the Thesis, in Section 1.4, alongside the

contributions made to the field in the course of its culmination.
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1.1 — Nanowire-Based Optoelectronics

Throughout the course of the past decade, a multitude of novel nanowire-
based opto-electronic devices have been demonstrated as the result of extensive
academia- and industry-driven research. The surge of widespread interest in the
field can be principally attributed to several key advantages offered by nanowires,
in contrast to conventional thin-film-based devices. These advantages will be
outlined in the following discussion, in relation to specific archetypical opto-
electronic applications.

First, nanowires allow for an unprecedented variety of material
combinations, as compared to planar crystal growth. In the case of thin film
deposition, lattice-matching between the substrate and epilayer is an essential
constraint. When one material is deposited upon a dissimilar substrate of
sufficiently disparate lattice constant, strain is consequently induced at the hetero-
interface leading to the formation of dislocations beyond a critical epilayer
thickness [3]. In contrast, growth of lattice mismatched material systems can be
accommodated by nanowires, as their lateral surfaces effectively permit the
relaxation of the induced elastic strain [4]. In fact, on account of a nanowire’s
large surface area to volume ratio and small contact area with the substrate, strain
relaxation can occur within several atomic layers from the interface [5].

One particular avenue of exploration exploiting the notion of otherwise

incompatible material combinations, through NW growth, is the monolithic



Ph.D. Thesis — P. K. Mohseni McMaster University — Department of Engineering Physics

integration of III-V semiconductor compounds with silicon-based platforms.
Although, silicon is the material of choice and reigns supreme as the dominant
backbone of the microelectronics industry [6], its use in large scale and
economically competitive light-emitting applications remains, to date, unfulfilled
[7]. Integration of optically active compounds, such as GaAs, with Si would
cohesively bridge the gap between the photonics and electronics realms, on a
united platform, and forward the progression of optical computing technologies.
Several research groups have successfully achieved photoluminescence (PL) from
III-V compound semiconductor NWs grown on Si substrates [8-12]. However,
the more difficult task of inducing optical emission through electrical excitation
from similar material systems has only been, as yet, presented twice. Svensson et
al. have demonstrated electroluminescence (EL) from single core-shell GaAs-
InGaP NWs on Si substrates with GaP buffer/nucleation layers {13], while
Tomioka et al. have employed core-multishell GaAs/AlGaAs NW ensembles on
Si substrates in the fabrication of their light-emitting diodes (LEDs) [14].

In addition to their incorporation within LEDs, III-V NWs have also been
integrated within other key opto-electronic devices as the active medium,
including bio-sensors [15, 16], photodetectors [17-20], lasers [21,22], and single
photon sources [23, 24]. The motivation for the use of NWs in such systems is
rooted in the several basic advantages they offer. First, NWs offer routes towards
continual miniaturization of devices, allowing for the adaptation of compound

semiconductor technologies to, and compatibility with, trends directed towards
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ever decreasing scales in the microelectronics realm [25]. This miniaturization
also inherently benefits the electro-optics realm, for example, through the
production of NW-based display systems with lower power consumption and
improved spatial resolution [2].

The unprecedented dimensional and morphological control over a device
structure, offered through the growth of NWs, is another of their key benefits.
Having a large ratio of surface to bulk states in an NW is advantageous for
sensing applications [15]. Furthermore, being able to form heterojuntions in both
axial and radial architectures using NWs allows for control over dimensional
properties leading to novel devices which exploit unique quantum confinement
effects [26, 27]. Of notable importance is the potential to use NWs for so called
‘nanotree’ or branched-NW structures. Such architectures have been demonstrated
using various III-V material systems [28-30], and are particularly remarkable with
respect to photovoltaic applications (discussed in the following section), where
enhanced absorption and large p-n interfacial areas are required. Controlled
growth of NW heterostructures also expands the possibilities for novel display
applications wherein multiple or tuneable emission can be achieved [31-33].

As mentioned previously, the substrates on which NWs can be grown are
not simply limited to the material from which the NWs themselves are composed.
The relaxation of this constraint, as compared to standard planar deposition
techniques, allows for the assembly of NW structures on so called ‘foreign

substrates’. Here, the term foreign implies that the substrate and over-laying
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atomic layers can be disparate with respect to their chemical composition, lattice
constant, thermal coefficient of expansion, and crystal structure. With no need for
precise registration of atomic columns in adjacent layers, several advantages can
be exploited. Particularly, in the case of III-V semiconductor compound growth,
this translates to substantial cost reductions as expensive float-zone fabricated
substrates can be avoided without compromising the epilayer crystal quality.
Furthermore, growth of optically efficient materials can be achieved on non-rigid
platforms allowing for added device functionality in the form of mechanical
flexibility. This very concept was first demonstrated by Nadarajah et al. in the
form of ZnO NW-based LEDs grown on transparent and flexible polyethylene
terephthalate (PET) foils with indium-tin-oxide (ITO) buffer layers [34].

Finally, we turn our attention to the advantages offered by bottom-up
growth processes associated with NW assembly, as compared to top-down
fabrication schemes. In this respect, patterned VLS-type NW growth, achieved
through electron beam lithography or nano-imprint lithography for the positioning
of metal seed particles, presents a means for the fabrication of large-area devices
with individual component dimensions below the diffraction limit; a condition
that could otherwise not be realized through standard photolithographic
processing methods. Large area patterning of NW building blocks has proven to
be a suitable technique for the fabrication of novel photonic crystal structures,
allowing for unique light guidance and optical pulse trapping applications [35, 36].

Additionally, patterned NW arrays have been demonstrated as effective media for
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the guidance of neuronal network growth [37] and site-specific differentiation of
embryonic stem cells [38]. Bottom-up NW growth schemes have also been
utilized in the fabrication of complex three-dimensional architectures for
multifunctional electronics applications [39]. The departure from top-down
fabrication methods motivates a progressive path towards a new generation of
devices that need not be bound to the spatial resolution limits of photolithography
or the wet-processing techniques associated with etchants and photoresistive
chemicals. However, it should be noted that, ultimately, a paradigm shift from
top-down to bottom-up processing methods relies not only upon improved
fabrication practices but also on economic incentives [40].

In this section, little has been said with regards to the incorporation of
NWs within solar cell applications. As this particular topic is the primary device
focus of this Thesis, the following section will be dedicated entirely to the
motivations behind the implementation, and scope of the research in the field, of

NW-based photovoltaics.
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1.2 — Nanowire-Based Photovoltaics

Over the past 3 years, NW-based photovoltaic applications have acquired
a surge of interest. The relevance of these pseudo-one-dimensional structures to
the field and motivations behind their pursuit stems chiefly from five distinct
advantages which they provide. Two of these characteristics have been defined in
the previous section; namely, the added functionality associated with growth of
high quality crystals on foreign substrates and the inherent economical incentives
associated with lower material consumption. Otherwise, three advantages offered
by NW incorporation exist that are particular to photovoltaic energy harvesting
applications.

Firstly, with NW structures, by tuning growth parameters it is possible to
control the dopant modulation in radial geometries. As an example, an n-type
core can be encapsulated by an intrinsic shell which can, in turn, be enveloped by
an external p-type shell. The active interface, described as a p-i-n motif in this
example, thus, extends along the longitudinal axis of the NW. This allows for the
decoupling of photon absorption and carrier transport/collection into orthogonal
directions [41]. In this geometry, shell thicknesses can be tuned to the diffusion
lengths of the photo-generated carriers [42]. A short collection length means that
bulk recombination of electrons and holes can be substantially reduced, promoting

more efficient carrier collection [43].
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Next, it should be noted that a collective group of NWs, either patterned as
an array or randomly situated with respect to one another in an ensemble, provide
superior light absorption characteristics compared to an equivalent volume of the
same material in bulk form [44]. The considerable inhibition of reflectance losses
has been attributed to improved index matching of the NW medium to air [45]
and to the strong multiple scattering of light leading to improved light trapping
[46]. The suppression of diffuse optical reflectance can be optimized through
control of the diameter, pattern periodicity, pitch, packing fraction, and index of
refraction of the NWs [44, 46]. Thus, the use of NW ensembles can circumvent
one of the critical limitations of standard planar solar cells by minimizing surface
reflectance [43].

Finally, NWs are inherently suited for next-generation solar cell designs
that could not otherwise be realized by their planar geometry counterparts. One
example of such a design is the multiple quantum-well (MQW) solar cell. As
carrier density enhancement occurs in the plane of quantum wells due to
confinement effects, MQW designs are anticipated to provide improvements in
conversion efficiencies [45]. While MQW schemes have been shown to enhance
short-circuit currents under solar illumination, an associated decline in open-
circuit voltage also results, in part due to the recombination of carriers in defect
sites along the device structure caused by strain relaxation [47]. As previously
mentioned, in NW systems, strain is relaxed along the sidewalls and, therefore,

not associated with the formation of dislocation defects. For this reason, a NW-
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based MQW solar cell would alleviate the compromise between short-circuit
current and open-circuit voltage, thereby providing improved conversion
efficiency [45].

Various NW-based photovoltaic prototypes have been demonstrated to
date. For the sake of a more concise discussion, we shall limit our review to solar
cells having incorporated NWs, grown in accordance to the VLS mechanism, as
the active light-harvesting medium. Within this scope, group IV semiconductors
have been more widely investigated than compound III-V materials. This is
primarily due to the ease of market integration (CMOS compatibility) and the
associated cost advantages offered by Si. However, because of its nearly ideal
room temperature bandgap, with respect to single p-n junction configuration solar
cells [48], GaAs has also been investigated as a pertinent photovoltaic material.

Single silicon-based NW solar cells with axial junction configurations
have been demonstrated with conversion efficiencies as high as 0.46 % by the
Atwater Group [49] and 0.5 % by Lieber and colleagues [43]. In contrast, the
implementation of a coaxial junction geometry in single Si NW was shown to lead
to an enhanced efficiency of 3.4 % [50]. Ensemble Si NW solar cells have been
fabricated on multicrystalline Si on glass substrates [51] and on flexible metal foil
sheets [52], both designs having rendered a maximum conversion efficiency of
0.1 %. A similar solar cell design employing ensemble-contacted Si NWs with

core-shell architectures on single-crystalline Si (100) substrates demonstrated 1.0 %
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conversion efficiency, and were shown to be improved to 1.8 % efficiency with
passivation of the NW sidewall surfaces [53].

Gallium arsenide NW-based photovoltaics have also been demonstrated in
recent years with various designs and configurations. A device based on a
collection of core-shell p-n junction GaAs NWs grown on GaAs (111)B substrates
was fabricated by Czaban and coworkers with an optimal efficiency of 0.83 %
[54]. A similar design using n-doped GaAs NWs encapsulated in a poly(3-
hexylthiophene) (P3HT) polymer matrix was shown to improve the overall
efficiency to 1.04 % [55]. Another ensemble design, wherein p-type GaAs NWs
were grown on an n-type GaAs (111)B substrate, was optimized to render a
conversion efficiency of 1.65 % [56]. In comparison, a single coaxial p-i-n
structured NW has been shown to allow for efficiencies as high as 4.5 % [57].

As evident by the comparison of the peak efficiencies of the solar cells
reviewed in this section, the performance of a device is largely dependent upon
the structural design of the NWs employed therein. In the following section, the
VLS mechanism for bottom-up assembly of NWs and the main growth parameters

responsible for control over their morphology will be considered.
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1.3 — The Vapour-Liquid-Solid
Mechanism for Heterostructured
Nanowire Growth

The assembly of one-dimensional nanostructures can be realized through
various methods. The different techniques share a unifying attribute in that they
permit an enhancement of the crystal formation rate along one particular axis (or
its suppression along the other axes), thereby promoting anisotropic growth and
the layer-by-layer assembly of a one-dimensional structure. In the most general
sense, nanowire growth techniques can be categorized into two classes; namely,
template-directed and free-standing growth techniques [58]. Template-directed
methods rely on spatial confinement of the growing crystal by physically
impeding growth along all but one axis. Thus, a predefined structure is formed,
limited to the resolution scales of the impeding template and bound to its confines.
Examples of such processes include planar deposition within aligned thin-film
crack structures [59], pore-filling [60], and v-growth template growth [61]. In
contrast, free-standing NWs are not spatially restricted by physical confinement.
The formation of these nanostructures typically relies upon dissimilar growth or
etch rates along different crystallographic directions. Example of this fabrication
method include self-assembly through aqueous electroless etching [62,63], mask-
mediated selective-area growth [64], and particle-assisted NW growth [65]. The

four growth techniques discussed thus far are pictorially represented in Figure 1.1.
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(c)

(a) (b) (d)

Figure 1.1 — Representation of typical one-dimensional nanostructure assembly
techniques. (a) Template-assisted pore-filling method (b) V-groove template

method (c) Particle-assisted growth method (d) Particle-free self-assembly
method. Adapted from [58].

Based on the direct relation to the focus of this Thesis, the following
discussion on NW growth will prirﬁarily deal with the particle-assisted assembly
method of free-standing NWs. This approach, most commonly realized through
the VLS growth mechanism, is of particular significance as it allows for the
fabrication of a remarkable variety of material systems and is unrestricted to size

limitations imposed by the spatial resolution of lithographic processes.

1.3.1 — Historical Basis of the Vapour-Liquid-Solid Mechanism

The conception of the VLS mechanism is attributed to Wagner and Ellis,
and stems from investigation into impurity-catalyzed growth of Si crystals, at the
Bell Telephone Laboratories in the early sixties [1]. Their experiments focussed
on the hydrogen reduction of SiCls on Si {111} substrates with Au droplets placed
on their surfaces, at elevated temperatures. The result was the growth of micron-
scale Si whiskers, aligned parallel to the substrate normal, with characteristic
hemispherical Au tips, whose lateral extent matched the diameter of the whiskers,
themselves. It was concluded that, at the growth temperature, an Au-Si alloy
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droplet had formed which acted as either a preferential sink for the incident

vapour-phase Si atoms, or as a “catalyst for the chemical process involved” in the

dissociation of inbound precursor molecules. The droplet alloy was said to “ride’

atop the crystal as it continued to form. In their seminal paper, Wagner and Ellis
outlined the three main characteristics of these microstructures: (1) the Si crystal,
grown with a whisker morphology, necessarily required an impurity (namely, the
Au seed) for its formation; (2) a small droplet, characterized as an Au-Si alloy,
was present atop the fully assembled crystal upon the termination of growth; (3)
the Si whiskers contained no screw dislocations. The latter trait was of added
significance as anisotropic growth of conical or pyramidal crystals (similarly,
extended in one axis, as in the case of micro-whiskers) were previously known to
have stemmed from the presence of screw dislocations [66]. Thus, the VLS
mechanism, a process wherein a liquid-phase impurity-based alloy acts as the
preferential decomposition site for vapour-phase precursors leading to the
formation of a localized, solid-phase seeded crystal, was introduced.

The next major contribution toward an understanding of the VLS process
is credited to Givargizov, based on his considerations of the growth kinetics and
growth rate dependences of free-standing Si columns with diameters ranging from
hundreds of nanometres to several microns [67]. In this publication, the four
main progressive stages of VLS growth were first delineated: (1) the vapour-
phase mass-transport of precursor species; (2) the dissociation of precursors at the

vapour-liquid interface and the subsequent incorporation of adatoms within the
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liquid seed; (3) diffusion of the growth material in the liquid droplets; and (4)
supersaturation of the alloy, leading to solid-phase precipitation of growth
material at the liquid-solid interface and continual incorporation within the
underlying crystal lattice. It was argued that the fourth stage was chiefly
responsible for the determination of growth rate. The growth rate of the nano-
and micro-wires was also related to their diameter and growth conditions, such as
temperature and molar concentration of precursors. Furthermore, Givargizov
asserted that a minimum critical diameter exists, below which NW growth would
not prevail. This was attributed to the Gibbs-Thomson effect and rationalized by
the following argument: since the vapour pressure of reactants entering a liquid
particle is inversely proportional to the radius of the particle, then it follows that
when the size of the alloyed seed is reduced, the solubility of the growth material
increases. Thus, at a critical seed diameter, the equilibrium solubility of Si atoms
in the Au droplet increases such that the requisite supersaturation condition is not
satisfied. The other notable conclusions of this work are that the assembly of a
monolayer can proceed from a polycentric nucleation mechanism and that the Au-
based droplet should be characterized as a physical catalyst, as opposed to a
chemical catalyst.

The earliest demonstration of particle-assisted growth of free-standing
nanometre-scale III-V compound semiconductor crystals, via the VLS mechanism,
was by the Hiruma Group at the Hitachi Central Research Laboratory in the early

1990°s [68, 69]. They had first published on the formation of ultra-fine InAs
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NWs on GaAs (111)B substrates, within windows of photolithographically
patterned SiO, masks [68]. In this work, the driving force instigating crystal
formation was not clarified. However, it was later discovered that during the
etching process employed in the formation of their SiO; masks, sub-monolayer
quantities of Au were unintentionally deposited as impurities on the sample
surface [69]. During sample heating, the impurity atoms had clustered to form Au
nanoparticles, allowing for the subsequent formation of InAs NWs, when
trimethylindium (TMI) and AsH; precursors were supplied in a metal organic
vapour phase epitaxy (MOVPE) system. Though accidental in its nature, the
experiment led to several key conclusions: (1) III-V compound semiconductor-
based NWs can be grown according to the VLS mechanism; (2) In this system,
the liquid droplet is an alloy composed primarily of Au and the group III element;
(3) Lower annealing temperatures, established prior to the onset of growth, favour
the incomplete formation of liquid droplets; (4) Higher annealing temperatures,
instead, force the coalescence of Au particles and lead to the growth of NWs with
larger diameters. As empirically observed by the Hitachi researchers, metal
particle formation is a nontrivial affair and of critical influence on NW
morphology. Various methods exist for the preparation of seed droplets on
growth surfaces, which can be extended to accommodate a variety of material

combinations.
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1.3.2 — Formation of Metallic Seed Droplets

The approaches to decorating semiconductor substrate surfaces with metal
particles for the growth of NWs can be classified in two categories: randomly
distributed particle preparation and position controlled particle arrangement. Both
have their own inherent practical advantages and the implementation of either
technique is ultimately application dependent. The preparation of randomly
distributed metallic nanoparticles is less process-intensive and the fewer
fabrication steps are associated with significant cost benefits. The drawbacks,
however, include morphological inconsistencies amongst the NWs rendered and
their inhomogeneous placements relative to one another. The main methods
practiced in this approach are colloidal nanoparticle deposition through drop-
casting, spray/spin-coating on a substrate [70-72], covalent self-assembly of
colloidal nanoparticles or chemical functionalization of surfaces with
nanoparticles [73-76], and nanoparticle formation through thermal dissociation of
thin films [77-79].

In contrast, position controlled particle arrangement leads to patterned
nanowires with identical morphologies aligned in site-specific, arrayed formations.
Yet, this approach is associated with higher fabrication costs, more processing
steps, lower throughput, and higher risk of surface contamination [65]. In this
class, the examples of nanoparticle decoration methods include electron-beam
lithography [35, 80], porous-alumina masked Au deposition [81-83] , nanoimprint

lithography [36, 84], and block-copolymer assisted nanolithography [85, 86].
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Based on the advantages listed above, all metal seed particles prepared for
the purposes of this Thesis project were done so through dissociation of a thin
film, drop-casting of colloidal particles, or chemical functionalization, dependent

upon the substrate processing limitations and the desired application.

1.3.3 — The Vapour-Liquid-Solid Growth Mechanism
1.3.3.1 — Qualitative Description

For the sake of a concise qualitative description of the VLS mechanism,
our discussion will be limited to Au-assisted growth of III-V compound
semiconductor NWs via gas-source molecular beam epitaxy (GS-MBE).
Although, it has been demonstrated that III-V NWs can be grown using a variety
of metallic seeds [87-89], the use of Au droplets is by far the most prevalent
practice. This stems from the combined beneficial properties of gold, including
its chemical inertness to oxygen, thermal stability, and ability to form low-
temperature alloys in liquid phase with a variety of growth material [90].

Figure 1.2 schematically represents the main steps involved in the basic
VLS model. Initially, a thin Au film, with thickness on the order of 10 A, is
deposited upon the substrate of choice (Figure 1.2 (a)). Upon annealing, the film
dissociates into a randomly distributed collection of Au nanoparticles with
varying sizes (Figure 1.2 (b)). The uniformity in the size distribution is dependent

upon the initial thickness of the film, such that thicker films favour the formation
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Au Film

Substrate

(a)

(d)

Figure 1.2 — Representation of the vapour-liquid-solid growth process. (a)
Deposition of Au film on substrate surface. (b) Thermal dissociation of film and
formation of liquid Au nanoparticles. (c) Introduction of vapour-phase growth
species and alloying with Au. (d) Supersaturation of the alloy, nucleation, and
NW growth.

of particles with greater diameter variances. In a GS-MBE system, wherein group
III adatoms are supplied as monomers, while group V species are supplied as
dimers, the group sequence is initiated by the introduction of the growth material
in an ultra-high vacuum environment. At the growth temperature, the growth
species (mainly, group III [90]) form a liquid-phase alloy with the Au droplet, due
to arrival through either direct impingement or after diffusion on the substrate
(Figure 1.2 (c)). Once the concentration of growth material within the droplet

increases to a critical value, a supersaturation condition is achieved. At this point,

solid-phase nucleation occurs at the interface formed by the liquid alloy and the
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underlying substrate. A persistent in-flux of vapour-phase adatoms ensures a
steady-state regime, whereby continual nucleation is maintained under the seed,
such that the seed is lifted further from the substrate with the formation of each
atomic layer of the crystal (Figure 1.2 (d)). Thus, a one-dimensional crystal is
formed (namely, the NW), spatially limited by the extent of the Au droplet.

The positions and relative densities of NWs are dictated by those of the Au
droplets which, in turn, are functions of the pre-growth annealing parameters.
Nanowire diameters (in a purely axial growth regime) are also limited to the
diameters of the hemispherical nanoparticles. The cessation of growth is marked
by the termination of the group III flux and, so, NW lengths are determined by the
duration of growth. The assembly of constituent atomic planes in a NW crystal
preferentially occurs along the <111> direction of the cubic lattice [91, 92]. This
arises from the fact that the greatest areal density of bonds is associated with the
<111> direction, while the corresponding {111} atomic planes have been shown
to possess a minimum surface free energy [93]. As such, the growth direction of
NWs can be tuned by the appropriate choice in surface orientation of the
substrates employed; NWs will tend to grow orthogonal to substrate surfaces with
<111> normals, at 35.3° relative to substrate surfaces with (100) orientations, etc..

The role of the liquid seed in the VLS process is as an atomic sink. In this
sense, the seed activates an enhanced growth rate at the interface it shares with the
underlying substrate, as compared to surfaces containing no alloyed droplets. The

enhanced growth rate is attributed to: (1) A higher reaction rate of growth species
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with seed surfaces than with substrate surfaces and, (2) adatom diffusion fluxes,
directed from the substrate and NW sidewalls towards the seed [94]. A non-
equilibrium steady-state regime is induced as a result of an enduring in-flux of
adatoms. Thus, a chemical potential difference is created, between the liquid-
phase and solid-phase which forces crystal nucleation as a means of re-
establishing equilibrium. The thermodynamic driving force for NW growth is,
therefore, supersaturation of the alloyed solution and can be expressed as [94]:

® = exp(Apw /KT) — 1 (1.1)
where, Appw = (UL - nw) is the difference in chemical potential between liquid
seed, nui, and the underlying NW, pw, k is the Boltzmann constant, and T is the
growth temperature. On this basis, it is realized that the growth species are
subjected to two phase-transformations, first from vapour to liquid and, second,
from liquid to solid; Hence, the appropriately termed VLS mechanism.

Until now, we have only considered growth of axial NWs, while the
practical significance of coaxial structures had previously been emphasized. The
fabrication of core-shell structures through MBE relies on radial growth and is
partially attributed to particle-free or vapour-solid growth. The qualitative
rationalization of radial growth is as follows: As a NW grows according to the
VLS mechanism, adatoms reach the alloyed nanoparticle at the tip through direct
impingement or surface diffusion. As adatoms migrate to the site of an existing
NW, they may diffuse along the sidewalls. So long as the NW height is

sufficiently low, the diffusive adatoms will migrate and reach the tip with near-
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Figure 1.3 — Evolution of nanowire growth with tapered morphology. (a) Adatom
diffusion lengths exceed NW length, L. Adatoms reach seed with near-unity
probability. (b) NW length exceeds adatom diffusion lengths. Sidewall nucleation
occurs. (c) Layer-by-layer growth mode ensues in tandem with VLS-type axial
growth. (d) Completion of monolayer of radial growth followed by the re-
initiation of sidewall nucleation. NW diameter becomes greater than nanoparticle
diameter. (e) Transition towards step-flow growth mode. Preferential
incorporation at step-edges leads to tapered NW morphology. Adapted from [95].
unity probability (neglecting desorption effects). However, once the NW length
exceeds the diffusion length of the adatoms, island nucleation will commence
upon the sidewalls. In other words, sidewall nucleation occurs once the migrating
adatoms “exhaust” their diffusion lengths en route towards the Au seed [95].
Subsequently, a layer-by-layer growth regime ensues, allowing the completion of
a monolayer on the sidewalls while the seed-mediated axial growth
simultaneously persists. This process is successively renewed upon the formation
of a sidewall monolayer, such that the growth occurs in the radial direction and
the NW diameter exceeds that of the nanoparticle at its tip. Upon significant

radial growth, a transition occurs whereby step-flow growth proceeds due to

preferential assembly of adatoms at step edges. The evolution of particle-free
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layer-by-layer and subsequent step-flow growth on the sidewalls results in the
growth of a NW with a tapered tip [95]. Through suitable control of the growth
parameters and timely exchanges of growth species fluxes, heterostructured NWs
can be fabricated with core-shell morphologies, such that material compositions
are modulated axially and radially. This will be further elaborated in section

1.33.3.

1.3.3.2 — Material Conservation Model for Growth

Building upon the qualitative framework, described in the previous section,
more quantitative understandings of the VLS mechanism have been presented in
various publications, based upon the kinetics and thermodynamics of the growth
process [77, 96-99]. In this section, however, we review a material-conservation
model for the growth of III-V core-shell NWs by GS-MBE [100], as this model
more precisely accounts for the growths relevant to the current work. This model
defines the time-evolution of growth in two distinct processes: first, a purely axial
growth mode (regime A) followed by a tandem, axial and radial growth mode
(regime B).

In regime A, group III adatoms are considered to impinge upon the Au
seed, NW sidewalls, and substrate surface with a flux J [atoms/nm2/s] or,
otherwise stated, at a nominal planar growth rate of ¥ [nm/s]. The flux source is
oriented at an angle « to the substrate normal and the NW formed has a collection

area of (Ryg + ry) , where Ry is the fixed radius of the NW. As depicted in Figure
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Figure 1.4 — Illustrative guide to material conservation model parameters. (a) Au
droplet prior growth. (b) NW grown prior to reaching critical height. Adatoms at
stages (1) to (3) represent impingement upon the Au seed, NW sidewalls, and
substrate, respectively. (c) NW grown to critical height at time, f¢. (d)
Representation of NW tip and illustration of parameters used to model regime B
growth. Adapted from [100].
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1.4 (a), the height of the NW, H,(?), is measured from the surface of the
simultaneously deposited planar film, with thickness Hp(?), to the base of the Au
droplet at the NW tip. At a finite time after growth initiation, 7., the NW reaches a

critical height, H,. Thus, the volumetric rate of change of the NW is defined by:

d(Vol) R2 d[H,(t) + H;p(t)]
dc dt

(1.2)

As shown in Figure 1.4 (b), the incoming group III adatoms can reach the seed
from three contributing pathways: (1) direct impingement upon the Au droplet, (2)
impingement upon the sidewalls and subsequent diffusion to the seed, and (3)
arrival at the seed after impingement upon the substrate followed by diffusion.
Each of these sources contributes to the total volumetric rate of change. The

change in volume as a result of the first source of adatoms can be expressed as:
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d(Vol
(dt )1 = x4 R? (%) cosa = y, mR3V cosa (1.3)

where y, represents the fraction of impinging adatoms that have absorbed upon
the Au nanoparticle and p represents the group III atomic density. Next, upon
appropriate geometrical consideration, it can be resolved that the volumetric rate

of change attributed to the second source of growth material can be designated by:

d(Vol

% = 284,VR,H,, (t) sina (1.4
where ¢, denotes the fraction of particles that have been incorporated into the NW
upon adsorption on the sidewall followed by diffusion to the tip. Finally, the

contribution of the third source to the total rate of volume change is formulated as:

d(Vol
% = @ nV[(Ry + 19)* — RE]cosa (1.5)

where ¢, represents the fraction of adatoms having contributed to the NW
structure after adsorption within a distance, rg, from the NW base and subsequent
migration towards the Au seed.

Summing the three contributions and substituting their totality into
equation (1.2) leads to a differential equation, which upon imposition of the

boundary conditions, has a solution of the form:

_ TmRy @al(Ro + 15)? — R§]
H,(t) = 22, sina{[ R2 + )(A] cos a
28,4 Vsina
B "} [eXp( R, )_ 1] (16)
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Here, the authors of ref. [100] have accounted for the role of the planar deposition
as a fraction of the nominal growth rate, such that dH,p(t)/dt = nV.

After a finite growth period, ¢ > t., all further growth will occur in
accordance to a regime B process. Thus, once the NW height reaches H., the
contribution from diffusive adatoms having adsorbed on to the substrate will be
modified as they will have “exhausted” their diffusion lengths prior to arrival at
the Au seed. In this regime, adatoms impinging upon the NW sidewalls along a
length, L(t), near the tip, depicted in Figure 1.4 (d), will either incorporate into the
axial growth after reaching the seed or add to the height of the sidewall step edges
through step-flow incorporation. In this model, the axial growth rate of the step-
edge is referred to as the step-velocity, v, and is comparable to the axial growth
rate of the NW. Furthermore, adatoms diffusing towards the NW tip on
previously existing sidewall layers, formed by step-flow growth, are assumed to
be reflected on account of an Ehrlich-Schwoebel (E-S) barrier [101, 102].

The purely axial component of growth in regime B can only be attributed
to those adatoms impinging directly on the seed or those impinging on the
sidewalls along L(z). Here, the fractional adatom contributions of each source
have to be reconsidered as yz, &3, and ¢p. Particularly, the later parameter in
regime B will only account for the fraction of particles which incorporate radially.
Considering these modifications and a suitable adjustment in boundary conditions,
the authors reach the following expression for the time-evolution of NW height in

regime B:
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2&gVsin a

H,(t) = (H. — vst. — k) {exp [ (t— tc)]} +ut+x  (1.7)

R,
where x is defined as:

_ TWRy [ (1 2égt.sin a) +
K= 2Esina v, Xpcosa

Zthsisina+ ]
s\y 7R, 1

TR,

The parameter /; represents the height of the initial monolayer shell that formed
immediately following ¢ = ¢.. Figure 1.5 (a) plots NW height as a function of time
in regime B. Here, it can be seen that for various adatom incorporation fractions
and initial step heights, the axial growth rate is abruptly reduced after the critical
height is reached. This is attributed to the reduced collection of growth species by
the Au seed due to adatom diffusion limitations at times beyond ¢..

With respect to the radial growth component in regime B, it is assumed in
the mass conservation model that a cylindrical shell is formed with an inner radius
equivalent to that of the Au seed, Ry, and an outer radius of R(t), with a height of
hy(t) = vs(t — t;) + hy. Neglecting the effects of adatom desorption prior to
incorporation, the contributions to the rate of change of the shell volume from
direct impingement on the sidewalls and collection from the substrate can be
represented as [2R(t)hy(t)Vsin(a)] and {pgmV[(R() + ro)z — R()]cos(a)},
respectively. Thus, the radial growth rate component in regime B is represented
as:

dR(t) v[R?*(t) — R3] — @gVrécosa

dt 2R(O)[vs(t — t.) + hs;]
_ sina QpToCosa
- { T [vs(t— t) + hsi]} 9
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Figure 1.5 — Time-evolution of (a) NW height and (b) NW diameter. Adatom
incorporation fractions are varied from 0.09 to 0.3, while initial steps heights are
varied between 150 nm and 1050 nm, according to the material conservation
model.  Full-circular points on both plots represent the corresponding
experimental data obtained from GaAs NW growths. Adapted from [100].

Figure 1.5 (b) shows NW diameter evolutions as a function of time in the
regime B growth mode, based on the solution to equation (1.8). It can be seen
that a constant diameter exists earlier in the growth, corresponding to a pure axial
growth regime prior to .. As the growth evolution progresses, the NW diameter
will increase due to sidewall nucleation and step-flow growth mode. The circular
points on the plots represent the experimental data acquired from sample sets of
GaAs NWs grown by Au-assisted GS-MBE. The deviation of the data from the
theoretical curves has been primarily attributed to competition for diffusive
adatoms from neighbouring NWs and local shadowing effects associated with
high density NW growth [100]. In the following section, the current model for
VLS-based growth of core-shell structures will be used as a platform for a
discussion on NW morphology control, realized through the tuning of growth

parameters.
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1.3.3.3 — Dependences of Morphology Upon Growth Parameters

The resultant morphology of a III-V semiconductor NW depends
predominantly upon four controllable parameters. These parameters are the size
of the metal seed employed, the growth temperature, the ratio of the group V
growth species flux to that of the group III species, and the growth rate. Although
each parameter places a particular influence, which can be experimentally
evaluated, it is the sum of the contributions that leads to the final NW morphology.

The size of a metallic nanoparticle accommodating growth is chiefly
responsible for the growth rate of a NW and, therefore, ultimately determines its
morphology for a fixed growth period. The pioneering work of Givargizov and
Chernov on this relationship led to the conclusion that one-dimensional structures
grown from larger seed particles grow at a faster rate in comparison to those
grown from smaller particles [67, 103]. Here, the square root of the axial growth
rate was linearly related to the inverse of the particle’s diameter. The relationship
was justified by the Gibbs-Thomson effect, whereby an increased vapour pressure
leads to an increase in solubility of the growth species in seed particles with
smaller diameters. Thus, a critical seed diameter was defined, below which no
crystal growth could transpire.

Contrary to the Givargizov-Chernov model, when supersaturation of the
liquid seed is considered as the driving force for crystal growth and the surface-
diffusion of vapour phase adatoms arriving at the seed is accounted for, the

relationship between growth rate and diameter is strongly modified. In this scope,
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it has been demonstrated through several theoretical models and empirically
verified [77, 79, 96, 97, 104] that the axial growth rate decreases with increasing
particle diameter. More specifically, it has been argued in the relevant literature
published throughout the past decade that the diffusion-mediated axial growth rate
is proportional to either I/R or 1/R’, where R is the radius of the metal seed
particle [94]. Thus, thinner wires grow longer than thicker ones during the same
growth period. Furthermore, Johansson et al. contend that for NWs grown with
seeds in the diameter range of 20 nm to 100 nm, through MOVPE and MBE,
under high supersaturation levels, the Gibbs-Thomson effect can be effectively
neglected [96]. Indeed, the NWs of interest, grown for the purposes of this Thesis
project, are in this class.

The effect of growth temperature on NW morphology can be influential in
two respects. Prior to growth, before significant alloying of the growth species
and Au seed is permitted, the effect of an increase in temperature is the
enhancement of Au particle coalescence through surface migration [105]. The
enhanced agglomeration of neighbouring seeds produces NWs with larger
effective diameters, which, based on the above discussion on diffusion-mediated
NW growth, results in a suppression of growth rate. Secondly, once the growth
sequence is initiated, the growth temperature dictates the degree of adatom
diffusion and desorption. As temperature is increased, adatoms will reach the Au
seeds with higher probabilities on account of enhanced surface diffusion.

However, beyond a certain critical temperature, growth will be limited by the
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desorption of growth species. Thus, a material dependent temperature window
exists, wherein a critical growth temperature represents the ideal trade-off
between enhanced diffusion of adatoms and their desorption from the substrate or
NW [72, 99, 106-108].

The role of flux ratio of group V to group III species is unique to MBE-
and MOVPE-based NW growth processes. In MBE, an increase in V/III flux
ratio will have three main effects on the NW morphology [108]: (1) Inhibition of
group III adatom diffusion, leading to the promotion of sidewall nucleation; (2)
Compensation of group V adatom desorption effects at higher temperatures,
forcing an enhancement of the axial growth rate; (3) Suppression of excess group
III concentrations in the liquid alloy, allowing for the incorporation of fewer
stacking faults. The first and second effect will be further discussed in Chapter 2,
while the third effect will be explored in depth in Chapter 3. On the other hand,
during MOVPE growth of NWs, an increase in V/III flux ratio at a fixed growth
temperature results in the enhancement of surface growth at the expense of the
NW growth rate [72]. The reduction in axial growth has been attributed to more
efficient pyrolysis of group III precursors under higher input V/III fluxes [72].

Finally, we consider the effect of growth rate (equivalent to the deposition
rate of planar films), or group IIl impingement rate, upon NW morphologies. At a
reduced growth rate, the Au particles experience a prolonged incubation period,
prior to the initial island nucleation. A prolonged incubation phase leads to an

enhancement of particle coalescence and, therefore, a reduction in NW density
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and axial growth rate. The reduction in axial growth rate is, in turn, associated
with an increase in the probability for diffusive adatoms to reach the Au seed.
Thus, at lower growth rates, radial growth is suppressed. Furthermore, at higher
group III impingement rates, the mean free path of group III adatoms prior to
collisions is reduced, leading to a reduction in their diffusion lengths. As
previously stated, reduced adatom diffusion promotes sidewall nucleation and
radial growth. Thus, at higher group III impingement rates, NWs will adopt a
tapered or “pencil-shaped” morphology, as demonstrated in the case of GaAs

NWs grown via Au-assisted MBE [108].

1.3.4 — Perspectives on the Phase of the Alloyed Seed

Although great strides have been made in the development of a consistent
and unified model for metal-particle assisted growth of group III-V NWs, a
significant subject of controversy persists to this day. In this section, we review
opposing perspectives on the phase of the alloyed seed employed in NW growth.

The phase of the seed has been called into question since 2001, when
Kamins et al. [109] demonstrated the growth of Ti-assisted Si NWs, at growth
temperatures far below the minimum eutectic point of Ti and Si alloys. The
authors attributed the growth process to solid phase diffusion of Si through, or
around, the TiSi, alloy at the NW tips. The growth of Au-assisted III-V NWs, by
a similar vapour-solid-solid (VSS) mechanism, at growth temperatures where the

corresponding Au-group III seeds are expected to be in the solid phase, was first

32



Ph.D. Thesis — P. K. Mohseni McMaster University — Department of Engineering Physics

reported by Persson et al. [110]. Nanowires composed of InAs [111], InP [112],
GaAs [113], and AlAs [114] have been demonstrated via MOVPE growth, within
temperature ranges lower than the minimum eutectic point of the associated alloys.
Although it is well known that eutectic point depression arises in nanometre-scale
metal-semiconductor alloyed particles [115], this phenomenon plays an
insignificant role for particles with diameters greater than 20 nm [58]. Thus, in
the case of the examples noted above, where seed particle diameters are on the
order of several tens of nanometres, the VSS model could be justified.

In contrast, it has been argued that Au-assisted growth of III-V NWs via
MBE occurs only when Au-based alloys are in liquid phase. Experimental
verification of this claim comes about through in-situ reflection high-energy
electron diffraction (RHEED) experiments wherein diffraction spots associated
with solid-phase seed particles were only observed at temperatures below the
minimum limit of the growth temperature window for InAs [99] and GaAs [106]
NWs. Additionally, Harmand et al. showed, through electron diffraction
experiments, that the observed Ga concentrations detected in Au seeds (under
different growth termination conditions) can only be associated with Au-Ga alloys

in liquid-phase at the growth temperature of their GaAs NWs [78].

1.3.5 — Definition of Stacking Faults

The traditional definition of the term “stacking fault” refers to the

modification of the periodic stacking sequence of atomic planes in a crystalline
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structure, in the form of an additional or absent crystal plane. In the field of
nanowire research, however, the same term is often more ambiguously used [91].
Both mirror-plane formations and inclusion of 4H polytype arrangements in
otherwise zincblende structures are often referred to as stacking faults [91, 92, 94].
In the case of mirror-plane formation, the standard ...ABCABC... zincblende
sequence (where each letter denotes one of three possible positions that each I1I-V
atomic layer can occupy) is disrupted such that an ... ABCACBA... configuration
arises and zincblende formation persists before and after the mirror-plane, A. In
contrast, 4H polytype formations consist of an ...ABAC... arrangement.

In the present work, the term stacking fault refers to the disruption of an
otherwise wurtzite (...ABAB...) arrangement of crystal planes by zincblende
inclusions [108]. This definition is maintained throughout the thesis, and is

exemplified by the stacking arrangement of atomic layers shown in Figure 3.6.
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1.4 — Approach and Thesis Framework

The ultimate purpose of the project presented here was the demonstration
of a novel class of opto-electronic devices, employing core-shell NWs as their
active element, grown on foreign substrates. For this endeavour to come to
fruition, several key components were required. First, the possibility of
heteroepitaxial growth of core-shell NWs on foreign single-crystalline substrates
was needed. This process involved thorough structural and optical analysis of
several NW architectures. The understanding gained from the growth and
analysis of complex coaxial NW geometries allowed for the extension of this
work to the growth of core-shell homostructures upon more functional substrates,
lacking long range crystalline order, which were previously unexplored by the
international NW research community. After a suitable material combination was
reached, the focus then shifted towards device fabrication and optimization. The
research process undertaken culminated in the demonstration of a novel NW-
based, nano-hybrid material for flexible photovoltaic applications.

The experimental procedures used in the various stages of this work are
individually reviewed in Chapter 2. Here, we begin with a discussion on the
theoretical foundations, and experimental relevance to NW growth, of the GS-
MBE deposition system. We then shift focus towards the characterization
methods employed in our investigations. In particular, various electron

microscopy methods and optical characterization processes are considered.
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In Chapter 3, we present an extensive analysis of GaAsP/GaP coaxial NW
heterostructures grown on Si (111) substrates. This chapter deals with the
structural analysis of core-multishell and superlattice systems. Particular attention
is given to the nature of stacking faults formed in these structures and a unique
method is presented for their termination. Based on control over supersaturation
levels, it is shown that phase purity can be achieved over extended NW lengths.
This work led to two publications in the Institute of Physics journal,
Nanotechnology [116, 117]. In this chapter, the influence of NW geometry on
their optical properties is also explored. Here, the role of surface passivation and
size effects on the confinement of carriers is discussed. This study, published in
the Journal of Applied Physics [118], demonstrated that preferential incorporation
of growth species can lead to the formation of compositionally disparate segments
within ternary semiconductor NWs.

The growth of coaxial p-n junction GaAs NWs on various surfaces is
explored in Chapter 4. The main substrates of interest explored included single
crystalline Si (100) and (111) surfaces, stainless steel foils, polycrystalline Si
films on glass substrates, carbon-nanotube (CNT) composite films, and highly-
order pyrolytic graphite (HOPG) substrates. Through analysis of growth on
HOPG surfaces it was discovered that a unique Au-free growth mechanism
persists under particular growth conditions, for which a qualitative model is
presented. It is concluded in the chapter that CNT composite films are the most

suitable substrate of choice for further device fabrication. The structural, optical,
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and electrical properties of the hybrid GaAs NW-CNT mesh structures are
explored and presented as previously published in Nano Letters [119].

The basis of the experimental findings presented in Chapter 4, on the
growth and characterization of GaAs NWs on CNT sheets, is extended to opto-
electronic device applications in Chapter 5. Here, this hybrid nano-material is
employed in the fabrication of flexible solar cells. Device testing, performance,
and optimization are presented. The studies presented in Chapter 5 have been
recently accepted for pubiication in the IEEE Journal of Selected Topics in

Quantum Electronics [120].
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Chapter 2

Experimental Techniques Related to
Growth, Structural Analysis, and
Optical Characterization

The experimental procedures employed in the research presented within
this Thesis are individually explored in this chapter. The methods of interest
include crystal growth via GS-MBE, various electron microscopy based
approaches for the characterization of sample structure and chemistry, and
spectroscopic techniques for optical characterization. In an effort to provide the
reader with a concise, yet comprehensive, perspective of the relevant techniques,
each method of analysis will be discussed in terms of its generic applications, as
traditionally associated with experiments involving planar bulk samples.
Modifications of conventional experimental practices required for the analysis of

nanowire (NW) samples will be presented where necessary.
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2.1 — Gas-Source Molecular Beam
Epitaxy

Molecular beam epitaxy is a method for the growth of single crystalline
films through atomic deposition. Etymologically, the term epitaxy is derived
from its Greek roots, insofar as the prefix, epi, implies the condition of existing
upon or over, while the term, faxis, describes arrangement or co-ordination. In the
literal sense, therefore, epitaxy means to “arrange upon”. However, in common
practice, as applied in technical jargon, the term refers to the growth process of a
solid film on a crystalline substrate, wherein the atomic arrangement of the film,
or epilayer, is an extension of the crystalline order of the substrate [121].

The foundation for MBE growth of III-V compound semiconductors was
first revealed by Giinther when he demonstrated the vacuum deposition of
stoichiometric GaAs films through a three-temperature method, in 1958 [122,
123]. Building upon this platform some ten years later, Bell Telephone
Laboratories researchers, Arthur and Cho, introduced systematic modifications
which effectively established the modern MBE technique for crystal growth
[124,125]. These modifications included the incorporation of cryopanels for
impurity reduction, use of solid source effusion cells for the introduction of
growth materials, and the implementation of reflection high energy electron

diffraction (RHEED) for in situ crystal structure characterization.
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As in other physical vapour deposition techniques, the formation of
crystalline layers in MBE relies on the condensation of growth species from a
supersaturated vapour upon a substrate whose temperature is maintained
substantially below that of the source [126]. The formation of the film is
dependent primarily upon the sticking coefficient of the growth materials and the
difference between the source impingement flux and its re-evaporation flux from
the substrate. The continual maintenance of stoichiometric growth of III-V
compounds through MBE arises from the unique adsorption and desorption
kinetics of group V species on group Ill-terminated surfaces. In the particular
case of GaAs films, it is well known that As species (supplied either as dimer or
tetramer compounds) exhibit high surface residency lifetimes only on Ga-
terminated GaAs surfaces. Otherwise stated, the sticking coefficient of group V
species depends upon the presence of group III species. Thus, the dissociative
chemisorption of As compounds and incorporation of As atoms within a
stoichiometric GaAs film relies on the consumption of surface-bonded Ga atoms,
which can only be ensured if an excess of group V to group III flux exists [121,
126].

A schematic representation of the GS-MBE system used for all NW
growths discussed in the ensuing chapters is shown in Figure 2.1. This system,
built by SVT Associates, relies on the effusion of solid elemental group III
sources supplied from a heated Knudsen cell, and hydride (AsH3;, PHj3, etc.) gas

sources in tandem with thermally decomposing gas crackers for the supply of the
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Figure 2.1 — Pictorial representation of the GS-MBE system at McMaster
University, housed at the Tandem Accelerator Building. All NW growths
performed for the purposes of the current work were realized by said system.
Adapted from [127].
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group V species. The former species are delivered as monomers, while the latter
are predominantly supplied as dimers (Asy, P>, etc.). All sources are directed
toward a single substrate, in an inverted position, at an approximate angle of 35°
with respect to the substrate normal. Turbo-molecular pumping is applied to the
growth chamber for the maintenance of ultra-high vacuum (UHV) conditions,
with base pressures ranging between 10" to 10 Torr. The vacuum sustained
inside the reactor guarantees the arrival of adatoms, from the source to the
substrate, with trajectories unperturbed by collisions with residual gasses,
impurity atoms, or other effused adatoms. Thus, adatoms are transported by
means of a true “molecular beam”, wherein their mean free path exceeds the
source-to-substrate distance. Shutters are located in front of the sources and
mechanically operated so as to permit or block the flow of the effused species.
Through this approach, heterostructures with atomically abrupt interfaces can be
grown by appropriate source switching and quick shutter control. Growth
temperatures are established through resistive heating of the substrate mount. An
infrared pyrometer and a thermocouple placed at the front side of the substrate
holder were used independently for temperature monitoring.

Crystal growth through MBE provides several advantages over MOVPE
processes.  First, MBE allows for lower temperature depositions without
compromise of crystal quality. Second, control over monolayer deposition is
possible as no turbulent gas flow exists to promote boundary layer challenges [3].

Third, the vacuum environment of MBE allows for in situ diagnostic methods
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such as RHEED [128] and mass spectroscopy [129]. Fourth, contrary to MOVPE
methods, the use of toxic and pyrophoric metal-organic species is avoided in
MBE practices [121].

The need for the use of group V hydride sources in GS-MBE, versus solid
sources in elemental-source (ES)-MBE, is mainly based on the difficulties
associated with depositing As- and P-based compounds in the latter approach.
The difficulties stem from the large exponential increase in vapour pressure of
these elements with increasing temperature. This makes control over As and P
fluxes a complicated task. Also, large effusion cells are needed to cope with high
vapour pressures, which create temperature control problems due to the low
thermal conductivity of the materials from which they are comprised. In
particular, ES-MBE schemes that employ red phosphorus as a material source are
confronted with additional complications associated with the source’s various
allotropic forms. The P allotropes each have distinct vapour pressures, creating
further beam flux control challenges. Finally, effusion sources used for the
generation of P fluxes almost entirely produce P4, molecules. These tetramers not
only have a significantly lower accommodation coefficient in comparison to
dimers, but also can lead to a build up of white phosphorus in the reaction
chamber, which is prone to spontaneous ignition in oxygen rich environments [2].

For the purposes of the current study,  several pre-growth sample
preparation processes were employed, based on the particular substrate and

growth processes. These methods will be individually discussed with respect to
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the distinct research purpose in the respective sections. All samples were loaded
via a load-lock chamber and transferred to a preparation chamber for a degassing
procedure (the specifics of which will be discussed, in turn, within each chapter)
followed by a final transfer to the main reaction chamber. The samples rested on
pre-fabricated molybdenum sample holders and secured in location with tantalum
shims. The substrates resting on the holder stage were rotated during growth, at
approximately 15 RPM, so as to limit the shadowing of peripheral substrate
regions by the holder, and for improved deposition uniformity. All growths were
conducted on 2-inch wafers or smaller cleaved/diced substrates indium-mounted
to 2-inch wafers. In particular cases, where indium-mounting was an ineffective
approach, substrates of choice were cleaved to approximately 5 mm by 10 mm
rectangles and supported on a pre-fabricated molybdenum holder with six
openings of the corresponding dimensions. In the growth chamber, once the
growth temperature had been reached, the samples were subjected to an
inductively-coupled H; plasma procedure for the desorption of native oxide layers
and simultaneous formation of nanoparticles from previously deposited Au thin-
film. This procedure occurred under a group V overpressure, ensuring that the
decomposition of group V species at elevated temperatures would be prevented.
Growths were initiated by opening of the desired group III effusion cell.
Depending on the NW structure, dopant modulation was performed by shuttering
the effusion cells of Te, Be, or Si sources. Growth interruptions during

heterostructure growths (described in full in Chapter 3) were performed by
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closing the shutter of the group III source, and subsequently re-opened after a
designated period. All growths were terminated by closing the shutter of the
group I1I effusion cell, while the sample cooled down at a rate of roughly 200 °C
per hour, under a group V overpressure (exceptions are noted in Chapter 4). The
group V fluxes were also terminated once the growth temperature registered less
than 350 °C. After growths, the samples were removed from the MBE system and
handled in ambient for characterization preparation procedures or device

fabrication (unless otherwise stated, in the case of particular investigations).
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2.2 — Fundamentals of Electron
Microscopy Based Techniques

The direct imaging of nanoscopic structures is a task that requires
microscopy techniques capable of achieving spatial resolutions beyond those
permitted by optical means. Based on the classical Rayleigh criterion description
[130], the smallest resolvable separation, or the resolution limit of an optical

microscope, (A1) min, is approximated by:

0.612
nsinf

(BDmin = (2.1)

where n is the viewing medium index of refraction, f is the semi-collection angle
of the lens, and 1 is the wavelength of the light employed. By this reasoning, the
resolution limit of a typical light microscope is approximately half the wavelength
of the light employed, or on the order of hundreds of nanometres in the case of
visible light [131]. Thus, the need arises for the use of highly accelerated
electrons with associated wavelengths tuneable to several orders of magnitude
lower than that which can be achieved optically.

The “material-wave” hypothesis of electrons was set forth by de Broglie in
1925 and confirmed through the electron diffraction experiments of Thompson
and Reid and Davisson and Germer in the following two years. This foundation
was built upon by Knoll and Ruska, as early as 1931, in the fabrication of a
rudimentary-form electron microscope [132]. The basic foundation established

by de Broglie defines the associated wavelength of an electron as:
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A= == — (2.2)

Here, & is the Planck constant and p describes the electron momentum, classified
by the product of its velocity, v, and mass, m. The latter property can be further

described by taking relativistic effects into account, such that:

1-(5)
where my represents the electron rest mass and c is the speed of light.
Considering the relativistic kinetic energy of an electron as, £y = (mc® — myc?),
such that E;, = gV, where ¢ is the fundamental electron charge and V is the
potential difference providing electron acceleration, one can express the electron

wavelength as a function of the accelerating voltage by [133]:

qV
JZquV (1 + Zmocz)

The relativistic component, represented by the term in the brackets of the

denominator, is of significance for the accurate calculations of electron
wavelengths when potentials in excess of approximately 10° V are used. Thus, in
the case of all transmission electron microscopy (TEM) and high voltage scanning
electron microscopy (SEM), the relativistic approximation should be taken into
account [133]. In the case of an electron being accelerated through a TEM
column by a potential of 200 kV, its associated wavelength is calculated as

approximately 2.5 pm.
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Once an electron is first generated by an electron gun through either
thermionic, Schottky, or field emission, it is subsequently accelerated by an anode
cylinder. Its trajectory is then perturbed by a series of axially-symmetric
magnetic lenses which provide focussing, magnification, and control over the
maximum angle of the electron path relative to the optic axis. Although the true
wavelength of the electrons can be on the order of pico-metres, aberrations
suffered by the magnetic lenses employed results in an image resolution on the
order of angstroms, in the case of contemporary TEM systems. Next, electrons
are focussed onto the sample where they undergo a series of elastic and inelastic
scattering events with the atomic constituents of the specimen, within a potential
dependent interaction volume, thereby generating a variety of signals, as shown in
Figure 2.2. The generated signals are electronic or photonic in nature, depending
on the particular interaction of the primary electrons with the specimen, and
translate characteristic information about the specimen structure and chemistry.
The particular signals of interest and their detection schemes will be discussed in

relation to the relevant microscopy techniques in the following sections.

2.2.1 — Scanning Electron Microscopy

The scanning electron micrographs presented in the current work were all
obtained using a JEOL JSM-7000 F SEM, with the exception of those shown in
Figures 2.4, 4.9, and 5.1, which were achieved with the use of a Zeiss SMT

NVision40 SII CrossBeam system. Both systems are equipped with Schottky
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Figure 2.2 — Representation of signals generated upon interaction of a primary
electron (PE) beam with a sample in typical electron microscopy experiments.
The characterization method associated with each signal is denoted in parentheses,
including Auger electron spectroscopy (AES), backscattered electron (BSE)-SEM,
secondary electron (SE)-SEM, energy dispersive X-ray spectrometry (EDXS),
cathodoluminescence (CL), electron-beam induced current (EBIC), electron
energy-loss spectroscopy (EELS), TEM, and selected area diffraction (SAD).
Below the sample surface, the interaction volume is depicted as comprised of
individual primary electron trajectories. Adapted from [131].
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type field-emission gun filaments for the generation of primary electron fluxes
[134, 135]. The primary electron (PE) beam, or electron probe, is scanned, using
deflection coils, across the sample surface in the x and y directions. The electron
probe diameter, in the systems listed above, is expected to be on the order of 1 nm,
enabling a corresponding resolution limit [136]. Through the raster scanning
process, an external computer system associates a specific incident electron probe
address (x, y) with the detected intensity of the corresponding signal generated
from the sample. The signals are generated within a volume, limited by the
penetration depth of PEs within the sample, wherein electron-specimen
interactions transpire. The detected signals are each emitted from particular
ranges within the interaction volume, as specified in Figure 2.3. For the purposes
of the current study, the generated SEM signals of interest are those based upon
the emission of secondary electrons (SEs) and backscattered electrons (BSEs).
Secondary electrons are generated when primary electrons eject loosely
bound conduction electrons from the specimen, through inelastic scattering events.
These are low energy electrons, on the order of several tens of electron-volts,
which have low mean-free paths, such that they can only “escape” from the
sample surface if they are generated at shallow depths. Typically, SEs are
characterized as having an escape depth of roughly 10 nm. As such, this signal is
predominantly responsible for translating topographic information about the
specimen [133]. In the case of NW research, secondary electron mode imaging

renders information about NW density, morphology, orientation, length and
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Figure 2.3 — Interaction volume of primary electrons with specimen atoms below
the sample surface. Relative regions from which secondary electrons,
backscattered electrons, and characteristic X-rays can escape, under typical SEM
imaging conditions, is shown. Adapted from [137].
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diameter. The ratio of the number of SEs escaping the sample surface per incident
PE is referred to as the secondary electron yield. The SE yield depends upon the
accelerating voltage of the PE beam and the relative angle of the samples with
respect to the electron probe, as well as specimen composition and doping. As
incident electron energies increase, their penetration depth increases such that SEs
are only generated at greater depths and cannot effectively be liberated from the
specimen surface. In contrast, irradiation of non-normal surfaces results in greater
SE yield [136]. The detection of SEs, with respect to the SEM systems utilized in
the current work, is achieved by Everhart-Thornley detectors (tandem scintillator
and photomultiplier-tube arrangement), biased for preferential SE detection.
Backscattered electrons, on the other hand, arise when incident PEs
undergo elastic (Rutherford-type) scattering events within the Coulombic field of
the sample’s atomic nuclei. When such a collision transpires, the incident
electrons can be scattered at angles greater than 90° (hence, backscattered), and
become ejected from the sample surface. The BSEs typically have energies
within 0.2 % of the PE energy [133] and, therefore, have much greater
corresponding mean-free path lengths, relative to SEs. Thus, a BSE signal can be
both generated and liberated from greater depths within the sample. The
backscattered coefficient is defined as the fraction of PEs that escape the sample
surface as BSE’s, and is highly dependent upon the atomic density of the
specimen. As a result, BSE signals exhibit strong atomic number- or Z-contrast

and translate information about the variations in sample chemistry. Typically, the
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higher the Z-number of the sample’s constituents in a given region, the higher the
resultant intensity contrast in the corresponding BSE mode SEM image of that
region [133]. In the particular case of an Au-assisted GaAs NW, the tip will
appear as a region of bright contrast, in comparison to the lower-Z GaAs structure,
in a BSE image. In the previously listed SEM systems, the BSEs are detected
using solid-state Robinson-type detectors. However, negatively biased Everhart-
Thornley detectors could also be used to preferentially detect BSEs [136].

Tuning of SEM working conditions is an essential task for the limitation
of artefact formation, avoidance of sample charge accumulation, and the
acquisition of images that are accurate representations of the true sample. The
main parameters that influence image formation, other than the sample material
itself, include accelerating voltage, working distance, aperture size, and probe
current [138]. At high accelerating voltages, the interaction volume increases,
thereby reducing resolution. In this manner, smaller features, such as the lateral
extent of a NW, can become transparent to the electron beam [133]. In the case of
single NW imaging, cross-sectional imaging, and high-magnification planar
imaging, lower accelerating voltages, ranging between 1.5 to 3 kV, were
employed. However, a trade-off exists, as higher energy spreads associated with
low-voltage electron probes result in the increase of chromatic aberrations.
Working distance is defined as the distance between the centre of the objective
lens system and the sample plane [138]. Increasing this parameter results in the

reduction of the convergence angle between the PE beam and the optic axis,
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which, in turn, brings about a greater depth of focus. However, greater working
distances are also associated with weaker lenses and, therefore, greater lens
aberrations. It was experimentally determined that an appropriate compromise
was reached at a working distance ranging between 4 to 6 mm; the SEM images
presented in this Thesis were obtained within this range. Aperture diameters can
also be controlled as an imaging parameter. The use of smaller diameter apertures
ensures the reduction of chromatic and spherical aberrations. Although, diameter
reduction can also increase the degree of PE diffraction from the aperture, the
latter effect is less influential than the former aberrations suffered. In the current
work, all images were obtained through a 50 um and a 7.5 pm aperture, with
respect to the JEOL and Zeiss SMT systems, respectively. Finally, the probe
current is dependent upon the source brightness and largely influences the final
probe diameter and, therefore, spherical aberrations [138]. For single NW or
general high magnification imaging (magnification in excess of 100 000X) low
emission current imaging was employed for resolution enhancement. It should be
noted that, here, the intended definition of magnification is the ratio of the length
of a feature in an image to the length of the corresponding sample feature,
scanned by the PE probe [133].

Finally, the basic sample preparation processes utilized in SEM
experiments is considered. For planar and tilted view SEM imaging, as-grown
NW samples were adhered to Al-based SEM mounting stubs with either carbon-

tape or liquid silver-based adhesives. In the case of undoped sample imaging,
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where carbon tape was the adhesive medium of choice, the sample substrate and
Al stub were contacted using silver paste, so as to provide for a conductive
pathway and limit sample charging [136]. For cross-sectional SEM imaging,
samples were secured inside pre-fabricated grooves formed in the Al stubs, using
Ag-paste. Thus, illumination by the PE beam occurred in the direction
perpendicular to the NW growth axis, thereby reducing foreshortening effects

[138].

2.2.2 — Focussed Ion Beam Techniques

The use of a focussed ion beam (FIB) system enables not only the imaging
of nano-scale structures, but also site-specific material deposition and sputtering
of material from samples, in predefined configurations through ion milling. The
Zeiss SMT NVisiond0 SII CrossBeam system, which was used in particular
SEM experiments, was also employed as the sole FIB system for all the related
research presented here. This system is equipped with an ion beam column
oriented at 54.5° with respect to the vertical electron beam column, in a dual-beam
configuration. Gallium ions (Ga") are produced through field ionization of liquid-
phase gallium wetted to a tungsten needle, at the tip of a liquid metal ion source
(LMIS) [139]. Gallium is used as the material of choice for the production of
high energy ions on account of its low melting temperature, volatility, and vapour
pressure [140]. Furthermore, Ga’ ions have sufficient mass for the effective

milling of heavy elements [140] while their emission in the form of a focussed
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probe exhibits high angular intensity with small energy spreads [139]. The LMIS
of the aforementioned Zeiss system is capable of generating a Ga' probe diameter
of 4 nm [135]. Although a focussed ion beam system can be utilized for imaging,
through the detection of ejected SEs and secondary ions (SIs), and for the
neutralization of accumulated charges in tandem-SEM imaging experiments, its
primary use in the current work was for milling in cross-sectional sample analysis
and for sputtering and deposition processes during TEM sample preparation.
Sputtering of material from the sample surface is the result of inelastic
collisions and energy transfer from high energy ions and the atomic or molecular
constituents of the specimen. The removal of material occurs within a “collision
cascade” region, wherein sample atoms have received energies in excess of their
surface binding energy from incident ions [141]. Control over the raster scanning
of the FIB enables site-specific milling. The sputtering yield, defined as the
number of ejected particles per incident ion, is proportional to the accelerating
voltage of the ion beam and the angle of incidence. It should be noted,
particularly in the case of trench formation with depths greater than 1 um, that re-
deposition of sputtered material can transpire on surfaces formed within the
milling site. This results in the degradation of the aspect-ratio of the generated
trenches, roughening of their sidewalls, and the formation of characteristic V-
shaped milled features. Re-deposition can be counter-acted by the reduction of
beam current, modification of probe incidence angle, and local introduction of

reactive gaseous species, such as Cl,, I, or XeF, [139]. Through controlled
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milling and tandem-SEM imaging, site-specific and elastic strain-free tomography
of sample features can be achieved with a dual-beam system.

The use of a FIB system also provides the capability of site-specific
lamellae preparation for TEM analysis. In the current research, this extends to the
ability to remove and investigate a particular NW of interest, from the as-grown
sample. For this procedure, in situ FIB-induced deposition is required. To date,
nearly a dozen materials have been reported to have been deposited via FIB,
including Al, W, Au, Pt, Cu, Ta, Fe, Pd, SiO,, and C [140]. In this scheme, a
nozzle is inserted near the sample surface inside the FIB chamber, through which
precursor gas species are introduced. As the precursors flood the sample surface
at controllable incident fluxes, the Ga* ion beam is raster scanned across the
surface area on which the desired deposition is intended. Thus, the incident ion
flux allows for the localized dissociation of precursor gasses and subsequent
material deposition. The remnant gaseous species of the decomposed precursors
are then purged from the main chamber. In the current work, Pt and C layers
were deposited through the decomposition of (methylcyclopentadienyl) trimethyl
platinum and naphthalene precursors, respectively [139, 140].

In Figure 2.4, the various stages of thin-foil TEM sample preparation via
FIB are shown. In this process, once the particular NWs of interest have been
located (Figure 2.4(a)), carbon deposition is initiated over a rectangular area
encompassing the NWs and their immediate vicinity (Figure 2.4(b)). Next, two

trenches are ion-milled, adjacent to the longitudinal sides of the deposited carbon
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Figure 2.4 — Process of thin-foil sample preparation for TEM analysis, via FIB. (a)
Location of two NWs of interest, indicated by white solid and broken-line arrows.

(b) Deposition of carbon layer, for protection of NWs during preparation process.

(c) Ion-milling of trenches about the site of interest. (d) Pt-welding of tungsten

probe tip and liberation of foil, containing NWs. (e) Pt-welding of foil to TEM

grid and removal of probe finger (f) Thinning of lamella, using fine probe

current ion-beam. Here, the thin foil is electron-transparent at typical accelerating

voltages employed in TEM. The location of the two original NWs of interest are

once again designated by white solid and broken-line arrows, respectively All

scale bars represent a 2um length.
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layer (Figure 2.4(c)). A micro-manipulator controlled tungsten tip is Pt-welded to
the top of the C-deposited region between the two trenches, and a series of three
ion beam line-scans allow for the liberation of a foil, containing the NW of
interest (Figure 2.4(d)). The foil is then Pt-welded to a designated copper-based
TEM sample holder, and a single FIB line-scan separates the tungsten probe
finger (Figure 2.4(e)). Next, a series of fine probe-current milling sequences are
used to thin both sides of the lamella, allowing for electron beam transparency in
a TEM system (Figure 2.4(f)). Thus, particular NWs of interest can be removed

from as-grown samples and studied using analytical TEM techniques.

2.2.3 — Transmission Electron Microscopy

Transmission electron microscopy relies on the scattering interactions of
high energy electrons (> 100 keV) with the constituents of a sufficiently thin (<
250 nm) specimen. In this approach, a stationary electron probe is incident on the
sample, in contrast to the raster scanning approach employed in SEM
characterization. The high energies possessed by the impinging electrons,
coupled with the minimal thickness of the specimen being probed, permit the
penetration depth of the PEs to exceed the thickness of the sample. As such, the
primary electrons are transmitted through the sample, with detected intensity
contrasts representative of the internal structural make-up of the specimen. In
conventional TEM experiments, two main contrast formation mechanisms are

exploited; namely, mass-thickness contrast and diffraction contrast [131].
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Intensity variations in a rendered TEM image can be related to the atomic
mass and/or thickness of a particular region within the sample of interest. This
mechanism provides qualitative information depending on the degree of PE
absorption within the sample and the scattering angle of the transmitted electrons
relative to the optical axis. Thicker segments within a particular sample region
will inherently absorb more electrons (lower relative penetration depths), while
regions containing high-Z elements cause the incident electrons to elastically
scatter at higher angles away from the optical axis and impinge upon the limiting
objective lens aperture at the back focal plane. In both scenarios, said electrons
fail to be detected and the resultant TEM image consists of corresponding
domains of dark contrast. This approach is referred to as bright-field imaging,
wherein only the through- or direct-beam electrons are collected, while those that
have been diffracted or scattered at larger angles are blocked by an aperture. This
particular approach, applied to NW imaging, permits the precise determination of
morphology and the delineation of regions of dissimilar elemental composition
(for example, differentiation between Au tip and NW body).

In the analysis of crystalline samples containing grains of disparate atomic
plane orientations, regions of phase non-uniformity, or structural defects,
diffraction contrast is exhibited by the associated TEM image. As electrons
become diffracted from the atomic planes, their trajectories can become altered
such that the objective aperture prevents their collection. Thus, the crystalline

domains with orientations satisfying the Bragg condition [142], will appear as
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regions of dark contrast, while regions which fail to diffract the incident electrons
will appear brighter, in the corresponding image. Similarly, defects in a sample of
single-phase crystallinity can diffract the primary beam and appear in an image as
a dark region. This method can allow for the appearance of stacking faults in NW
specimen, as will be further demonstrated in Chapter 3. It should be noted that
proper NW orientation is of vital importance, in this approach, as stacking faults
may fail to appear in NWs not aligned along the <-2 1 1 0> zone axis [108, 143].
Conversely, in dark-field imaging, the position of the objective aperture can be
adjusted such that only a particular diffracted beam is collected. In this manner,
specific grain orientations within a polycrystalline sample can be discerned in the
resultant image as regions of bright contrast.

In addition to the two contrast mechanisms described above, in high-
resolution transmission electron microscopy (HR-TEM) systems, phase contrast
can also be employed. Here, a large objective aperture is chosen such that the
diffracted beams and through beam can simultaneously be collected. The
interference of multiple beams of different amplitude and phase results in the
collection of a Fourier sum of signals, leading to a highly detailed image.
Through this approach, lattice resolved images of atomic columns can be
achieved [131, 136, 142].

Sample preparation, for all TEM experiments, was achieved through three
main methods. Throughout this work, NWs of interest were sufficiently thin to

allow for electron beam transparency at the requisite operating voltages, meaning
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that sample thinning was not necessary. Instead, for the analysis of single NW
specimens, TEM sample preparation involved submerging a cleaved portion of
the as-grown sample in a small volume (2 mL) of solvent, for removal of NWs
from the substrate through an ultra-sonication procedure. The density of the NWs
in the solution was controlled by optimizing the sonication period (10 — 120 s), as-
grown sample area (25 — 100 mm?), and the choice of solvent utilized (deionized
water, methanol, acetone). Suspended NWs in solution were dispersed, from
drops of 2 pL volume, to standard TEM carbon holey copper grids. Upon
evaporation of the solvent, in ambient, the NWs of interest resided on the surface
of the carbon sheaths for subsequent TEM analysis. In cases when the growth
interface, formed between the NWs and substrate, was the subject of investigation,
or when as-grown NW densities were too low to render adequate samples through
a sonication procedure, then cross-sectional lamellae were produced. This was
achieved either through the FIB-based techniques described in the previous
section or through conventional rafting, thinning, and ion milling processes
employed for the preparation of thin-film TEM samples [131, 136].

For conventional TEM experiments, a Philips CM12 TEM system was
utilized, operating at an acceleration voltage of 120 kV. This system was
primarily used for morphology and heterostructure analysis, investigations into
stacking-fault formations, and for the accurate determination of NW diameters.
For HR-TEM and analytical TEM experiments, including EDXS and SAD pattern

acquisition (discussed in the following segments), a JEOL JEM 2010F system
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was employed, operated at 200 kV. All lattice-resolved images presented in the
current work were obtained with this system, with the exception of those
presented in Section 3.2. These images were generated using an FEI Titan 80-300
HB ultra high resolution transmission electron microscope (UHR-TEM), operated
at 300 kV. All three systems are equipped with field emission electron sources

and charge-coupled device (CCD) cameras for image acquisition.

2.2.4 - Scanning Transmission Electron Microscopy

In addition to single point or convergent beam imaging methods, the JEOL
JEM 2010F microscope is equipped with scan coils allowing for the raster
scanning of the fine electron probe. This allows for detection of transmitted or
diffracted electrons, who’s point of origin can be distinguished with respect to the
scanning address of the incident beam, much as in the aforementioned case of
SEM imaging. In the current work, two main characterization advantages offered
by this scanning transmission electron microscopy (STEM) approach were
exploited.

First, STEM characterization allowed for site-specific EDXS analysis of
NW samples with resolutions on the order of 10 nm [136]. This was particularly
beneficial in the heterostructured NW analysis, allowing for the differentiation of
distinct radial layers. By taking point source measurements, line-scans, and

planar maps of specific NW regions of interest, morphological and compositional
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information could be obtained. These will be further discussed in the following
section.

The second characterization advantage is related to the high-angle annular
dark-field (HAADF) detector employed in STEM imaging. The HAADF detector
in the JEOL system is a ring-shaped Robinson detector, placed below the sample
plane in the microscope column. Its large central opening allows the direct-beam
electrons transmitted from the sample to be detected further down the column by
the bright-field detectors. However, transmitted electrons directed at higher
angles relative to the optical axis, resulting from high-angle scattering events
within the sample, are collected by the annular detector. Thus, HAADF is less
sensitive to Bragg scattering, thereby translating less information regarding
crystal structure. The angular range of collected signals is determined by the
inner and outer radii of the detector, and by choosing a large inner radius, the
collection of electrons scattered to large angles is ensured. As the probability of
elastic scattering at high angles is proportional to the square of the atomic number
of the element from which scattering occurred [136], HAADF-STEM images
demonstrate a high degree of Z-contrast. Thus, compositional variances within a
single NW can be discerned, whereby regions of brighter contrast in the image are
representative of higher-Z elemental make-up, in the corresponding sample region.
As shown in Chapter 3, even stoichiometric non-homogeneities within a NW

composed of the same ternary alloy can be distinguished in an HAADF image.
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2.2.5 — Energy Dispersive X-Ray Spectrometry

As shown in Figure 2.2, inelastic scattering events between primary
electrons and host atoms of a specimen in SEM and TEM experiments can result
in the generation of Bremsstrahlung and characteristic X-rays. Bremsstrahlung or
“breaking radiation” results from the deceleration of incident electrons in the
intrinsic Coulomb field generated by the host nuclei and surrounding electrons.
The deceleration is associated with an energy loss that is conserved by the
emission of a photon. The Bremsstrahlung emission forms a continuous
background spectrum in EDX spectra [138].

An inelastic collision between an incident electron and an inner-shell host
electron can cause the ejection of the latter. For such a phenomenon to progress,
the kinetic energy of the PE must exceed the critical binding energy of the inner-
shell electron. This process results in the host atom being in an excited state, for a
period on the order of 1 ps, after which the atom relaxes through the transition of
an outer-shell electron to the inner-shell vacancy. The relaxation transition can
result in two distinct energy compensating processes: (1) the emission of an
Auger electron and (2) the emission of a characteristic X-ray. The energy of the
emitted X-ray photon is therefore equal to the energy difference between the
outer- and inner-shells of the host atom in which the relaxation process transpired.
This energy difference is atomically characteristic and so the energy of the
detected X-ray photons translates information regarding the presence of a

particular element within the probed sample region [138].
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The X-ray fluorescence yield, defined as the ratio of the number of
photons generated to the number of inner-shell ionizations, increases with the Z-
number of the corresponding sample element. The depth at which X-rays are
generated is inversely proportional to the constituents’ Z-number and density. It
should be noted that since characteristic X-rays can escape from greater depths
within the sample, in comparison to SE and BSE signals, the spatial resolution of
an EDXS elemental map is lower than that of an SEM image. Characteristic X-
ray photons are detected by liquid nitrogen cooled, Li-drifted p-i-n Si detectors
operating in tandem with a pulse pile-up rejecter, mitigating the effects of
simultaneously detected photons [136]. Furthermore, true features of X-ray
spectra are vulnerable to distortions arising from the detection and pulse-
processing procedures. These spectral variations include peak broadening, peak
distortion, presence of escape peaks, sum peaks, internal fluorescence peaks, and
absorption window edges [138].

As previously mentioned, EDXS analysis was employed in the current
work in a variety of experiments. These include point analysis and elemental
mapping for the compositional quantification of ternary alloys and determination
of elemental group III concentrations within the Au-based alloyed seeds, line-scan
analysis for the direct verification of heterostructure geometries, and full-spectra
acquisitions for site-specific elemental detection. The atomic orbital transitions
from which the detected X-rays originated (Ka, KB, La, etc.) will be presented

throughout this Thesis, in relation to the corresponding EDXS experiment.
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2.2.6 — Selected Area Electron Diffraction

When a crystalline specimen is illuminated by a large area incident
electron beam, in TEM, sharp diffraction spots are generated in the back focal-
plane of the objective lens. Diffraction occurs due to elastic scattering of the
incident electrons from the atomic planes of the crystalline sample, which satisfy
the Bragg relation [142]. By appropriate defocusing of the intermediate lens
system, the generated diffraction pattern can be projected onto the image plane. A
selected area diffraction (SAD) aperture is placed below the objective aperture,
limiting the spatial extent of the specimen region from which diffracted electrons
are collected [136]. Based on the particular experiment at hand, SAD diaphragms
of varying diameters can be used, typically ranging between 1 to 100 um [131].

Diffraction patterns reveal crystallographic information about the
specimen, as each generated diffraction spot is the inverse-space representation of
the set of real-space atomic planes present in the specimen. In SAD experiments
involving single crystalline samples, the symmetry of a generated pattern, the
relative spot separations, and the angles formed between spots, coupled with
knowledge of the zone axis along which the sample is oriented, can be used to
accurately index the resultant diffraction pattern. Thus information regarding the
crystalline structure, phase-purity, growth direction, and plane separations of a

given NW can be obtained through selected area diffraction investigations.

67



Ph.D. Thesis — P. K. Mohseni McMaster University — Department of Engineering Physics

2.3 — Optical Characterization
Techniques

This section explores the main optical characterization methods employed
in the post-growth analysis of single NW and as-grown ensemble-NW specimens.
Micro-photoluminescence (u-PL) spectroscopy was utilized for the determination
of temperature dependent bandgap energies of various NW material groups and
for the qualitative evaluation of confinement effects in coaxial NWs of differing
shell thicknesses. Low temperature magneto-photoluminescence (M-PL)
spectroscopy was used for investigations on spatial confinement of carriers and
surface passivation effects in core-shell heterostructured NWs. Also, Raman
scattering spectroscopy was employed in the analysis of NW interface states and

for the evaluation of ternary alloy compositions.

2.3.1 — Micro-Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy is an attractive characterization
technique as it allows for sensitive, non-contact, and non-destructive analysis,
requiring simple, if any, sample preparation techniques. Furthermore, PL
experiments are ideally suited for studies of thin epitaxial layers and low-
dimensional systems as the penetration depth of the exciting beam is less than a
micron, with lateral extent akin to the diffusion length of minority carriers [144].
The basis of PL concerns a non-equilibrium transition in which the absorption of
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optical energy induces the population of carriers in excited energy states whose
spontaneous relaxation to the lowest available state is facilitated by a radiative
energy conservation process, namely, the emission of a photon [145]. The
characteristics of a spectrum produced by such radiative transitions are indicative
of the properties of the material in which the process occurs. The position and
profile of a PL spectrum determines not only the fundamental energy gap between
the valence and conduction bands, but also the nature of intermediate dopant,
impurity, or excitonic states as dependent upon parameters such as carrier
concentration, temperature, alloy composition, heterojunction quality, and
excitation intensity [146-148].

Gaining an understanding of the non-equilibrium recombination rate can
be motivated by considering the simpler case of recombination under equilibrium
conditions, as per the Roosbroeck-Shockley approach [149]. If we assume that
the radiative recombination rate is equal to the optical generation rate of electron-

hole pairs, then we can express the radiation emission rate as [150]:

R(v) = fP(v)p(v)dv (2.5)

where P(v) and p(v) represent, respectively, the probability of absorption per unit

time and density of photons with frequency, v. In turn, P(v) can be expressed as:

1
PO) = == aly) ) (2.6)
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where 7(v) is the mean lifetime of a photon traveling in a medium with index of
refraction, n, and ¢ represents the speed of light in a vacuum. Moreover, the
photon density is described by:

W) = 8mvZn3 1 p 27
PIVI= T3 exp(hv/kT) — 1 v 7)

wherein, 4, k, and T have the usual definitions.

In the case of highly pure crystals at low-temperatures, band-to-band and
free exciton-mediated recombinations are the predominant radiative processes.
However, when dopant concentrations in excess of 10'> cm™ exist, then bound
exciton-mediated recombination, donor-to-acceptor, band-to-donor, and band-to-
acceptor transitions may also prevail. Generally, deep transitions (c'onduction
band-to-acceptor, or donor-to-valence band) are more probable than their shallow
(conduction band-to-donor or acceptor-to-valence band) counterparts; both
processes, however, are less probable than conduction band-to-valence band
transitions. Specifically, for GaAs, the electron lifetime in the conduction band
has been calculated as 0.31 ns, compared to several nanoseconds for the lifetime
of an electron in the donor band [150]. Thus, given sufficiently high dopant
concentrations such that the conduction, valence, donor, and acceptor bands are
all occupied, the radiative recombination associated with conduction-to-valence
band transitions would be four times more probable in GaAs [150].

Nonradiative transitions also occur owing to recombinations through a
continuum of states. A continuum can be thought of as a strong deformation of

the band structure wherein multiple states exist within the fundamental energy gap.
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Such a scenario arises in the case of dangling bonds at the surface of a material,
where the lattice structure terminates. When carriers are within a diffusion length
of the surface, they may recombine via the continuum, in a process void of photon
emission. Metallic inclusions, localized defects, and strain effects can also
produce a band perturbation sufficiently large to constitute a continuum. Thus, if
photo-generated carriers have diffusion lengths that overlap with the effective
radius of the inclusion, strain, or defect, then they may recombine in a
nonradiative process through the traps of the intermediate continuum states [150].

The temperature at which a PL experiment is conducted will dramatically
influence the resultant emission spectrum. Not only is the intrinsic carrier
concentration increased with added thermal energy [151], but also the potential
associated with an impurity level [150]. More generally, increased temperature
influences the crystal structure of a material by increasing atomic oscillations
relative to their equilibrium lattice positions. In semiconductors, the temperature
dependent band gap energy, Eg(7), is empirically defined according to the
Varshni relation [152]:

aT*
T+ B

EG(T) = EG(T =0) - (2.8)

where o and f are adjustable, empirical parameters specific to each semiconductor
material, and E¢(7 = () is the intrinsic band gap energy at 0 K.

Band tailing effects are more pronounced with increasing temperature and,
as such, the PL emission peaks are shifted accordingly. Furthermore, increased
thermal ionization reduces the effects of exciton-based transitions. Thus, spectral
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lines due to radiative excitonic effects are not well represented at higher
temperatures. At higher temperatures, Auger effects are also increased as a result
of greater carrier concentrations, while sharp spectral features are perturbed due to
thermal broadening. Therefore, the most accurate PL spectra are obtained under
cryogenic conditions, wherein thermally-activated non-radiative transitions are
effectively quenched.

For PL experiments involving single NW specimens, presented in the
current work, sample preparation was performed in a similar manner as in single
NW TEM experiments. Ultrasonic NW removal in a 2 mL volume of solvént was
performed for varying periods depending on the density of NWs on as-grown
samples. Drops of 2 pL volume containing liberated NWs were then dispersed on
SiO, capped Si (100) substrates, and the solvent was subsequently evaporated
under ambient conditions. Thermal wet evaporation of an SiO, layer with
approximate thickness of 350 nm ensured that substrate PL signal would not
interfere with that of the probed NWs. Prior to PL investigations, the prepared
samples were imaged in SEM such that the position, structure, and degree of
isolation of single NWs could be determined. Both excitation and PL collection
was achieved through an objective allowing for an excitation spot of roughly 2
um diameter. Thus, a micro-photoluminescence (u-PL) setup was achieved such
that individually located NWs of known dimensions could be probed.

All p-PL experiments discussed in this Thesis, were carried out in the

Institute for Quantum Computing photonics laboratory at the University of
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Waterloo. Experimental set-up and PL acquisition was performed by Dr.
Christophe Couteau, under the supervision of Dr. Gregor Weihs. The setup
involved placing the NW decorated substrates in a continuous flow helium
cryostat, wherein the samples were cooled to a temperature of approximately 7 K.
Excitation was provided using a laser, centered at 532 nm, at a power of 80 pW.
The collected p-PL signal was resolved by a liquid nitrogen-cooled Si CCD

camera.

2.3.2 — Magneto-Photoluminescence Spectroscopy

In the presence of a strong applied magnetic field, the motion of free
electrons within a semiconductor material becomes restricted to helical orbits,
with cyclotron frequencies of w. = (|q|B/m.), where q is the electron charge, B is
the magnitude of the applied magnetic field, and m. is the effective electron mass
[153]. Quantization of electron orbitals results in the conversion of energy bands
into a series of discrete energy levels, commonly referred to as Landau levels.
The radius of the first orbital, corresponding to the lowest Landau level, is defined
as the magnetic length and can be represented by:

Lg = W (2.9)
While the electron energies of motion in directions parallel to the orientation of
the B-field remain unchanged, the energies in planes perpendicular to the applied

field become quantized, according to:
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(hk,)?
2m,

E=(n+3)ho+ (2.10)

where, k, represents the wave-vector in the z-direction of a Cartesian coordinate
system (parallel to direction of the magnetic field) and #n is the Landau quantum
number of integer value [154].

Whereas a semiconductor material in a zero magnetic field exhibits a
density of states, g(E), proportional to £'7, the quantization effect imparted in a
finite B-field modifies the density of states proportionality, such that a £ Iz
dependence prevails, as depicted in Figure 2.5(a). Correspondingly, the otherwise
spherical constant-energy surface or Fermi sphere is augmented in the presence of
a sufficiently strong magnetic field, such that the permitted k-values reside on the
surfaces of a set of concentric cylinders, oriented perpendicularly with respect to
the field direction [153]. This has been pictorially represented in Figure 2.5(b).
The radii of the concentric cylinders increase with the magnitude of the applied
magnetic field.

For the detection of such quantum effects, the mean thermal energy of the
system must be significantly less than the energy separation associated with the
electrons in the Landau orbitals. The criteria, k7" << hw,, requires that cryogenic
conditions and high magnetic fields are provided.

The implication of magnetic quantization is that in magneto-
photoluminescence (M-PL) experiments, wherein PL is obtained from samples
placed under high applied fields, the collected spectrum will be blue-shifted with

energies corresponding to the separation of the Landau levels. In the case of NW-
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Figure 2.5 — Energy level quantization in a magnetic field. (a) Comparison of
density of states in a semiconductor sample under no applied magnetic field, go(E),
and a finite magnetic field, gg(E). (b) Representation of the Fermi sphere (dotted
line) modified to concentric cylindrical constant energy surfaces (solid lines) in a
magnetic field oriented parallel to the z-direction. Adapted from [153].
based experiments, so long as the NW diameter exceeds the magnetic length, then
a corresponding blue-shift of the peak PL energy is expected. This means that by
appropriate tuning of the magnetic length, the effective electronic diameter of the
NW can be distinguished and confinement and surface-passivation effects can be
investigated. These concepts will be further explored in Chapter 3.

Sample preparation for M-PL experiments presented in the current work
involved mounting as-grown NW segments using a cryo-safe adhesive onto a Cu
mount attached to a pull rod. The sample was subsequently inserted into a liquid

helium bath in an Oxford Instruments optical cryostat fixed 1.6 K. An external

superconducting magnet was employed for the induction of a field, ranging in
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Figure 2.6 — Schematic representation of setup employed for M-PL experiments.
The probed sample rests in the cryostat such that the applied magnetic field is
oriented parallel to the NW growth axis.

magnitude between 0 and 15 T The experimental setup, allowing for the
magnetic field to be oriented perpendicular to the substrate (parallel to the NW
growth direction on (111) oriented surfaces), is shown in Figure 2.6. The M-PL

measurements were carried out with an Ocean Optics, Inc. HR2000 high-

resolution spectrometer and a 514.5 nm Ar" laser line was used for excitation.

2.3.3 — Raman Scattering Spectroscopy

Much like PL spectroscopy, Raman scattering (RS) spectroscopy is a non-
contact and non-destructive optical characterization techniques, requiring simple
sample preparation methods. In the current work, RS experiments were used to

gain an understanding with regards to NW alloy composition, quality of hetero-
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interfaces, and elastic strain. However, more general applications of RS
techniques also involve the analysis of defects, implantation damage, band-offsets,
carrier concentration and carrier mobility [151].

The inelastic interaction of an incident photon with optical phonon modes,
associated with lattice vibrations of a crystalline sample, results in a scattering
event yielding a photon with energy dissimilar to that of the incident photon. The
energy difference is conserved in the generation or annihilation of an optical
phonon, such that the energy conservations process can be defined as:

hvs = hv; + hv, (2.11)
where i, s, and p subscripts associated with frequency, v, represent the incident
photon, scattered photon, and phonon, respectively. The negative sign in Equation
2.11 is used to denote phonon emission in a Stokes-shifted scattering event,
whereas the positive sign is used to represent phonon absorption in an anti-Stokes
scattering event. The Stokes modes are typically collected in RS experiments, as
the anti-Stokes scattering is exponentially less likely to occur [155].

During RS spectroscopy, the weakly scattered signal is collected, from
which the Rayleigh scattered signal is filtered using a double monochromator.
Based on the transverse optical (TO) and longitudinal optical (LO) phonon
dispersion relations of the material group of interest, the scattered wavelengths are
correlated to known values, translating compositional and strain-related
information. In the case of ternary semiconductor alloys, such as GaAs; P,

GaAs-like and GaP-like TO and LO modes will be detected, the integral
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intensities, /, and relative frequencies, v, of which can be used to determine the

stoichiometry of the alloy [156], according to:

vEgP (x) = 350.1 + 72.2x — 20.0x? (2.12)
vEaAs(x) = 291.1 — 25.5x (2.13)

_ 1
X = (2.14)

Furthermore, effects of tensile strain will manifest in an RS spectra in the form of
a red-shifted signal peak, while an increased signal line-width can also arise as a
result of inhomogeneous strain [151].

Sample preparation for RS investigations simply involved cleaving as-
grown NW samples to sizes of approximately 50 mm?® area and subsequent
adhesion to Cu mount stages for cryo-vessel loading. All RS experiments
presented in the current work were performed at the Universidade Federal de Sao
Carlos, Brazil, by Dr. Ariano De Giovanni Rodrigues, under the supervision of Dr.
José Galzerani. Scattering signals were collected, from samples maintained at
approximately 10 K, through an Instruments S. A. T64000 triple grating
spectrometer supplied with a liquid-nitrogen cooled CCD detector. Excitation

was provided by an Ar" laser line centered at 514.5 nm.
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Chapter 3

GaP/GaAsP Nanowires on Si
Substrates

3.1 — Introduction

In this chapter, we explore the growth, structural characteristics, and
optical properties of GaP/GaAsP coaxial nanowires (NWs) grown on Si (111)
substrates. The monolithic integration of III-V compound semiconductor NWs
with Si platforms represents a means of achieving high-quality growth of optically
active, single crystalline structures on the preferred material of the
microelectronics industry. Based on this motivation, several reports of such
hybrid material combinations, grown via MOVPE and MBE, have been recently
made with potential device applications such as optical interconnects,
photovoltaic cells, light-emitting diodes (LEDs), and photodetectors [10, 11, 157-
159].

Epitaxial core-multishell NW structures, as first demonstrated in the case
of Si/Ge coaxial systems [160], allow for the stacking of differing material groups
in the formation of radial heterostructures. In this geometry, a material of smaller
bandgap energy can be encapsulated by two larger energy gap materials to

provide quantum confinement of carriers in the central layer. This is particularly
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advantageous in LED applications as the carrier confinement allows for enhanced
radiative recombination of electrons and holes [32]. For photovoltaics
applications, the controlled fabrication of coaxial NW geometries translates into
efficient collection of photo-generated carriers [54], a means for surface
passivation [56], and the potential for the growth of tandem NW solar cells [41].
The growth of core-multishell GaP/GaAsP/GaP NWs is presented in
Section 3.2. This work, reporting on the detailed structural characterization and
compositional analysis of single NWs, has been previously published in Ref.
[116]. The nature of stacking faults in such systems is examined through TEM
analysis. In Section 3.3, previous studies of the 3-tiered GaP/GaAsP NWs are
extended in an investigation focussed on the growth and characterization of 11-
layered coaxial GaP/GaAsP superlattice heterostructured NWs. It is shown that
the formation of stacking faults is dependent upon the supersaturation of growth
species in the Au seed during growth, and a novel method for the alleviation of
the lateral defects is demonstrated. This technique for growth of single phase
NWs was reported in Ref. [117]. The chapter ends with Section 3.4, wherein
preferential incorporation of adatoms in single NW layers composed of ternary
alloys is discussed. Furthermore, the effect of surface passivation on the optical
properties of GaP/GaAsP heterostructured NWs is presented, as previously

published in Ref. [118].

80



Ph.D. Thesis — P. K. Mohseni McMaster University — Department of Engineering Physics

3.2 — Core-Multishell Nanowire
Growth and Structural Analysis

3.2.1 — Experimental Details

GaP/GaAsP/GaP segmented NWs were grown on Si (111) substrates. The
Si (111) substrates were boron-doped at an approximate concentration of 10'®
cm™. Prior to growth, the substrates were subjected to a 20 minute ultra-violet
(UV) ozone treatment for growth of a sacrificial oxide layer and removal of
surface-bonded hydrocarbons. The oxide layer was then etched for 30 seconds in
a diluted 10:1 HF solution and rinsed in de-ionized water. The etched substrates
were transferred in ambient air to an electron-beam evaporation system for the
deposition of a 10 A-thick film of Au, as determined by a quartz crystal thickness
monitor. The Au-deposited samples were kept under high vacuum (107 Torr) in
the electron-beam evaporation chamber until transported in ambient air to the
growth chamber.

The growth was performed in a gas-source molecular beam epitaxy (GS-
MBE) system, previously discussed in Section 2.1, wherein group III species (Ga)
were supplied as monomers from a heated solid elemental effusion cell while the
group V species were supplied as dimers (As; or P,) from a hydride (AsH; or
PH3) gas cracker operating at a temperature of 950°C. Prior to the initiation of the
growth, the Au-coated substrate was heated to a growth temperature of 510°C

while being subjected to an inductively coupled hydrogen plasma treatment under
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a P, overpressure. This process allows for the formation of uniformly distributed
Au-nanoparticles on the Si surface.

The growth was initiated by opening the shutter of the Ga effusion cell,
whose temperature was preset to yield a nominal planar growth rate of 1 pm/h.
The first GaP layer was nominally p-doped with Be to 10'* cm™, as determined by
prior doping calibrations consisting of GaAs layers on (100) GaAs substrates.
The GaP layer was grown for a duration of 20 minutes, at which point the Ga and
Be shutters were closed for a growth interruption of 3 minutes. The subsequent
layer was grown with an As/P flux ratio corresponding to a nominal composition
of GaAs)¢Py4, as determined from previous thin film calibrations on GaAs (100)
substrates. The growth of this second layer was terminated after 10 minutes
followed by a growth interruption of 3 minutes. The final layer, composed of

3, as determined by prior doping

GaP, was nominally n-doped with Si to 10" cm™
calibrations (again consisting of GaAs layers on (100) GaAs substrates). Growth
of the GaP layer was terminated after 10 minutes and the substrate cooled down
from the growth temperature under a P, overpressure. Throughout the growth, the
V/III flux ratio was maintained constant at 1.5.

After growth, the orientation, morphology and distribution of the as-grown
NWs were studied using a JEOL JSM-7000 scanning electron microscope (SEM)
in the secondary electron mode. NWs were suspended in a small volume of de-

ionized water after a 1 minute sonication bath and applied to a carbon holey grid

in preparation for transmission electron microscopy (TEM). Single NWs were
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subsequently investigated with a Philips CM12 TEM, a JEOL 2010F for high
resolution transmission electron microscopy (HR-TEM) and analytical TEM
(ATEM), and an FEI Titan 80-300 HB high resolution TEM. This latter
instrument is equipped with a sextupole-based aberration corrector of the imaging
lens system providing a resolution of 0.75A (point resolution and information
limit). After tuning the imaging lens system, residual spherical aberrations in the
order of 1 um were achieved. Composition analysis of the radial heterostructures
was performed via energy dispersive X-ray spectroscopy (EDXS) in the JEOL

2010F using K, X-ray transitions.

3.2.2 - Results and Discussion

First, the overall morphology of the NWs was examined by SEM. A
cross-sectional SEM image of the NWs on the Si (111) substrate, shown in Figure
3.1, indicated that planar growth on the Si surface between the NWs (the regions
not covered by Au) was limited to a thickness of roughly 120 nm. The wires were
tapered with an average full-width at half maximum (FWHM) diameter of
roughly 52 nm, and an average height of 5.1 pm as measured from the top surface
of the two-dimensional film growth. The tapering is predominantly located near
the tip of the NW with the remaining portion having a nearly uniform diameter.
This tapered structure is attributed to a layer-by-layer growth mechanism on the
NW sidewalls [95], as previously discussed in Section 1.3.3. The use of a 10 A-

thick Au film, as opposed to a 40 A-thick film used in past growths performed
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2 pm

Figure 3 1 — Cross-sectional SEM image of as-grown GaP/GaAsP/GaP nanowires
on Si (111). Planar deposition amongst the NW is visible on the substrate surface.
with the same MBE system [79], resulted in enhanced uniformity in seed size and
distribution, leading to more densely packed NWs. The presence of Au
nanoparticles at the NW tips, as indicated by EDXS, gave confirmation of the
VLS growth mechanism.

Next, the composition of the NWs was examined using ATEM. A bright-
field HR-TEM image and EDXS line-scans obtained from a single NW are shown
in Figure 3.2. In Figure 3.2(a), results are shown for an EDXS line-scan along the
axis of the NW (along the growth direction). In addition, a series of line-scans
were performed across the diameter of the top, middle, and base segment of the
NW, labelled 1, 2, and 3, respectively, in Figure 3.2(a). The corresponding EDXS
results for the scans along lines 1, 2, and 3 are shown in Figures 3.2(b), (c), and

(d), respectively The green, blue, and red lines correspond to EDXS counts of
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Figure 3.2 — (a) TEM image and superimposed axial EDXS line-scans of a single
NW showing variations in Ga (green), P (blue), and As (red) compositions. The
dotted line denotes the length of the line-scan across the center of the NW. (b)
Radial EDXS scan corresponding to line 1 in (a) suggests an outer GaP shell at
the NW tip. (c) Radial EDXS scan corresponding to line 2 in (a) shows the
presence of a GaAsP layer in the center of the wire with a GaP shell. (d) Radial
EDXS scan corresponding to line 3 in (a) indicates that a GaP core is
encapsulated by a GaAsP shell, both of which are coated by a secondary shell of
GaP.

elemental Ga, P, and As, respectively.

First, we focus on the tip of the NW. The Ga line-scan (green line) in
Figure 3.2(a) indicates an approximately constant Ga content, as expected for both
GaAsP and GaP segments, until the NW tip where the Ga signal decreases due to
the NW tapering. A similar decrease is observed in the P signal (blue line) near
the NW tip, while the As signal (red line) is negligible in this region, indicating
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that the tip of the NW is composed of GaP. The results of the EDXS scan along
line 1, shown in Figure 3.2(b), confirm the GaP composition of the wire tip.

Next, we turn our attention to the middle segment of the NW. The line-
scan along the NW axis in Figure 3.2(a) indicates the presence of both As and P
near the middle segment. The results of the EDXS scan along line 2, shown in
Figure 3.2(c), indicates that the As count (red line) is greatest in a core region,
then vanishes in a sheath region of the NW. Accordingly, the P count (blue line)
is greatest in the NW sheath and is somewhat lower in the core region. These
results suggest that, in the middle segment of the NW, there exists a GaAsP core
surrounded by a GaP shell.

Finally, we consider the base segment of the NW. The axial line-scan in
Figure 3.2(a) indicates a P content which is somewhat greater compared to the
middle segment, and lower compared to the NW tip. Correspondingly, the As
content in the base is noticeably lower in relation to the middle segment and
greater in relation to the NW tip. The results of the EDXS scan along line 3 of
Figure 3.2(a), shown in Figure 3.2(d), indicate a negligible As content along the
NW sheath, indicating an outer GaP shell as observed previously for the middle
segment of the NW. Moving towards the NW core, the P signal (blue line) is
observed to decrease, while the As signal increases, suggesting an inner sheath
region of GaAsP, also similar to the earlier results for the NW middle segment.
Finally, at the NW core, the P signal (blue line) is maximum, while the As signal

(red line) decreases, suggesting a predominantly GaP core composition. Note that
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Figure 3.3 — Conceptual representation of the core-multishell NW structure. The
shaded regions illustrate the GaP layers, while the white region is representative
of the GaAsP layer. The hemispherical Au particle is evident at the top of the
nanowire. The lines labelled 1, 2, and 3 are in positions equivalent to shown in
Figure 3.2(a).
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As is’still detected in the core region at the base of the NW due to the presence of
a GaAsP layer, encapsulating the GaP core.

Consideration of the above axial and radial EDXS line-scans lead us to
conclude that the GaP-GaAsP-GaP segmented growth is best described by the
core-multishell arrangement shown conceptually in Figure 3.3. The growth
begins with a segment of GaP resulting in the core of the NW (inner shaded
region). Axial VLS growth at the Au-wire interface and unseeded radial growth
on the NW sidewalls results in a shell of GaAsP, represented by the white region
of Figure 3.3. Finally, the growth of a terminating GaP segment produces the
outer shell of GaP (outer shaded region). As a result, an EDXS scan across line 1
will measure the GaP outer sheath only as presented in Figure 3.2(b). An EDXS
scan across line 2 will measure the GaP sheath at the NW edges, and a GaP sheath
superimposed on the GaAsP core near the NW centre, as presented in Figure
3.2(c). Finally, an EDXS scan along line 3 will measure in projection through the
thickness the GaP sheath near the NW edges, followed by the GaP/GaAsP/GaP
three-layer structure closer to the NW centre, and finally the entire
GaP/GaAsP/GaP/GaAsP/GaP five-layer stack along the NW centre.

EDXS point measurements were taken at the center of the GaAsP layer
(middle segment) of several NW specimens, to determine the absolute
composition within this region. Due to the inhomogeneous arrangement (core-
shell structure) of As and P atoms along the radial direction of each NW, a

cylindrical approximation method was used to determine the composition of the
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GaAsP layer alone. In this method, the atomic concentration of phosphorus was
measured in a region where the GaAsP core is encapsulated by the GaP shell.
Using this information in conjunction with the thickness of the respective layers at
the point of the measurement (as determined from the radial EDXS line-scans), a
thickness weighted average value for the measured composition may be
determined according to:

CsD=C(D—-d)+ C.d (3.1)
where Cs, C. and C,; are the phosphorus atomic concentration values as measured
in the GaP shell (50% P), the GaAsP core, and the combined GaP/GaAsP/GaP
region, respectively. D represents the total thickness of the NW at the point of
measurement, and d is the diameter of the GaAsP layer alone at the point of
measurement. A compositional variance was calculated to be in the range of
GaAs 79Pg2; to GaAsy 7:Py2s amongst the several NWs that were examined, with
an error in absolute composition of roughly 5%. A range of group V atomic
concentrations among different wires is anticipated due to the competition for
growth material in the VLS regime where the metallic nanoparticles are of
varying size and distribution.

Next, the crystal structure of the NWs was analyzed. A selected area
diffraction (SAD) pattern was obtained in the JEOL 2010F system from the
middle GaAsP segment of a NW. The resulting SAD pattern, shown in Figure
3.4, indicated a wurtzite crystal structure for the <2-1-10> zone axis and a NW

growth direction along <0001>. Unlike the GaAsP region, inspection of the GaP
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Figure 3.4 — SAD pattern obtaine from the middle GaAsP segment of a core-
multishell NW

regions near the tip and base of the NW, revealed the frequent incidence of
stacking faults as demonstrated by the HR-TEM image in Figure 3.5 for the base
region of a NW This image, and the corresponding SAD pattern, shown in the
inset, revealed a wurtzite crystal structure interrupted periodically with stacking
faults. This periodicity in the stacking faults is manifested as the streaking in the
SAD pattern in the inset in Figure 3.5.

To further examine the nature of the stacking faults, the NWs were also
examined with the improved resolution of the aberration corrected TEM, as
shown in Figure 3.6, for the base region of a NW where three distinct atomic
stacking sequences, labelled A, B, and C, are observed. Due to the suppression of

the delocalization in the images related to aberration correction, it is possible to
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Figure 3.5 — HR-TEM image of a region near the NW base revealing the
periodicity of stacking faults in the GaP layer The Au particle (not shown) is
towards the top-right. The inset shows the corresponding SAD pattern.

directly visualize the interface between the nanowire and vacuum. The images
demonstrate the clean surface and the arrangement of the atoms in the outer layers
of the nanowire and related surface steps. Predominantly, an ABAB  stacking
sequence is present, indicative of the wurtzite structure. However, this structure is

periodically interrupted by C atomic layers, indicated by an arrow in the inset of

Figure 3.6, which is representative of a stacking fault consisting of a short
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Figure 3.6 — Aberration-corrected HR-TEM image taken along a NW sidewall.
The white rectangle represents the boundaries of the magnified image shown in
the inset. The white arrow in the inset points towards a stacking fault
corresponding to a change in atomic stacking sequence denoted by the letters A,
B, and C. Au particle (not shown) is towards the top.
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segment of zincblende structure [161-163]. Further from the surface of the NW,
the thickness increases rapidly and the contrast in the image is not directly
interpretable and the changes in stacking sequence are, as a consequence of this,
less obvious.

The incidence of stacking faults varied significantly along the length of the
NW as indicated by comparison of the SAD pattern in Figure 3.4 (defect-free
GaAsP segment) with the inset of Figure 3.5 (base GaP region with stacking
faults). To further illustrate this variation in frequency of stacking faults, we first
examine the GaP-to-GaAsP transition close to the base of the NW. Figure 3.7(a)
shows a high-angle annular dark-field (HAADF) image of a single NW acquired
in the JEOL 2010F, while Figure 3.7(b) shows a bright-field image of the
identical NW (the NW top is towards the left). The HAADF image is sensitive to
compositional variation, revealing the GaP core region near the base of the NW
(right side of Figure 3.7(a)), the GaAsP shell (middle segment of the NW), and
the GaP outer shell (left side of Figure 3.7(a)). Elemental As, having higher
atomic number than P, appears brighter in the HAADF image. The bright-field
image in Figure 3.7(b), on the other hand, is sensitive to the NW structure
revealing contrast due to the stacking faults (vertical lines intersecting the NWs).
These results reveal that the stacking faults coincide with the GaP base segment of
the NW, while the GaAsP middle segment is nearly free of defects.

Next, we examined the GaAsP-to-GaP transition close to the top of the

NW. The HAADF and bright-field images shown in Figures 3.7(c) and (d),
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Figure 3 7 — (a) HAADF image of the center region of a NW The GaP layers
(dark regions) are shown to encapsulate the GaAsP layer (bright region). (b)
Corresponding bright-field TEM image of the wire shown in (a). The stacking
faults evident at the wire base (right-hand side of image) are dramatically reduced
with the onset of the GaAsP layer (c) HAADF image near the NW tip showing
the termination of the GaAsP layer within the GaP shell. (d) Corresponding
bright-field TEM image of the same NW segment as (c). A defect-free region
exists (center of image) following the GaAsP/GaP interface. The stacking faults
reappear (left-hand side of image) as the growth continues and persist until the Au
tip. The NW top is towards the left in each image. Scale bars represent a length
0f200 nm.
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respectively, reveal a region of GaP that is devoid of stacking faults immediately
following the termination of the GaAsP layer. The defects are observed to be
reintroduced within the GaP segment after a length of over 200 nm and subsist up
to the Au/GaP interface at the NW tip (not shown in Figure 3.7).

It had been previously reported, in the case of GaAsP/GaP
heterostructured NWs, that stacking faults existed near the top of a long GaAsP
segment, while GaP segments immediately following the GaAsP layer revealed
very few stacking faults. This change in stacking fault density was reported to be
a result of compositional dependence of the NW growth mechanisms [95].
However, the present study suggests that NWs are free of stacking faults for a
certain growth period following a growth interruption associated with the material
transitions. Similar results were also reported for the growth of InP NWs, where
an initial wire height of about 300 nm was found free of stacking faults, above
which the crystal structure becomes disrupted and the formation of stacking faults
becomes frequent [164]. In the present study, it would appear that the segment of
GaAsP is shorter than the critical height above which faults are introduced,
meaning that the GaAsP remains defect-free. The regular periodicity of the faults
in the defected regions of GaP suggests that their formation is rooted in a
dependence upon a cyclical growth process. The growth interrupted interfaces
appear to disrupt this cyclical process resulting in a defect-free region of the NW
for a certain growth period. The observation of stacking faults in the base, where

there is a layered core-multishell heterostructure, and also in the NW tip, where
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only a single GaP structure exists, leads to the conclusion that the presence of
faults does not depend on strain effects induced at lattice-mismatched radial
heterointerfaces. Instead, the formation of stacking faults in GaP/GaAsP NW
systems is dependent upon the supersaturation of growth species in the Au-seed,

as presented in the following section on superlattice heterostructured NWs.

96



Ph.D. Thesis — P. K. Mohseni McMaster University — Department of Engineering Physics

3.3 — Superlattice Heterostructured
Nanowire Growth and Structural
Analysis

Although tremendous gains have been made towards achieving a more
complete understanding of the underlying structural, electrical, and optical
properties of semiconductor NWs, certain unresolved challenges remain and
persistently inhibit their incorporation into mainstream device fabrication. The
phase purity of NWs grown according to the vapour-liquid-solid (VLS)
mechanism is one such concern. Typically, VLS growth results in the formation
of NW structures with stacking faults, lamellar twins, or polytypic inclusions
incorporated throughout the crystal [113, 165]. Both zincblende (Zb) and wurtzite
(Wz) phases may occur in III-V semiconductor NWs as a consequence of the
small difference in internal energy (<24 meV ﬁer octet pair) between the two
structures [162, 166, 167]. In fact, it is a thoroughly reported observation that
while certain III-V materials assume a cubic Zb structure in bulk, the preferential
atomic stacking arrangement in NWs tends towards that of the hexagonal Wz
arrangement [110, 116, 157]. In such systems, stacking faults, characterized as
intermittent insertions of Zb in an otherwise Wz phase, can be observed.

As stacking faults adversely affect the fundamental material properties of
NWs [168, 169], a pressing need exists for their elimination. Several successful

methods for the elimination of stacking faults have been demonstrated including
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growth on (001) [168] or (111)A [170], as opposed to the usual (111)B, orientated
substrates as well as post-growth epitaxial burying of NWs [171]. In Section 3.2
we demonstrated the growth of stacking fault-free segments within GaP/GaAsP
core-multishell NWs. These segments, extending over 200 nm in length, were
observed following the GaP-to-GaAsP and GaAsP-to-GaP interfaces. We now
extend those previous studies by demonstrating the growth of stacking fault-free
core-multishell superlattice (SL) heterostructured GaAsP/GaP NWs with a single

Wz phase, achieved by a growth interruption technique.

3.3.1 — Experimental Details

Prior to each NW growth, a 10 A Au film was deposited oﬁ Si (111)
substrates via electron beam evaporation equipped with a quartz crystal thickness
monitor. The samples were then transported in ambient air to a gas source
molecular beam epitaxy system (GS-MBE). After an in-sifu inductively coupled
H, plasma treatment at 550 °C, the Au films disseminate into uniformly
distributed nanoparticles on the substrate surface. NW growth was carried out in
the GS-MBE system, wherein Group III monomers (Ga) were supplied from a
solid elemental effusion cell and Group V dimers (As; and P») were supplied from
a hydride gas cracker operating at 950 °C. The growth temperature, V/III flux
ratio, and nominal 2-D growth rate were fixed at 510 °C, 1.5, and 1 um/hr,

respectively.
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Five NW groups (groups A — E) were grown via GS-MBE. The NW
groups are depicted pictorially in Figure 3.8 and summarized in Table 3.1,
together with results discussed below. Group A NWs in Figure 3.8(a) consisted
of a single GaP composition and were grown over a duration of 20 minutes.
Group B NWs in Figure 3.8(b), also composed of GaP grown over a total period
of 20 minutes, were periodically subjected to 10 growth interruptions.
Specifically, after the first ten minutes of growth, a 3 minute interruption, wherein
the shutters of the Group III effusion cells were closed while maintaining a Group
V overpressure, was introduced followed by a 1 minute growth period. This
process was repeated 10 times for a total growth period of 20 minutes. Group C
NWs in Figure 3.8(c), as discussed in Section 3.2, were grown with a 3-tiered
core-multishell structure. The initial layer, composed of GaP, was grown over a
period of 20 minutes. This segment was coated with a GaAsP layer for a period
of 10 minutes, followed by another GaP segment grown for 10 minutes. 3-minute
growth interruptions were introduced prior to the onset of each new layer. Group
D NWs in Figure 3.8(d) consisted of a GaP/GaAsP superlattice architecture,
extending along the vertical and radial direction. The sample growth began with a
GaP base, grown over a period of 10 minutes. After the initial GaP segment, 10
alternating layers of GaAsP and GaP were grown for 1-minute durations with 3-
minute growth interruptions introduced between subsequent layers. Finally, group
E NWs in Figure 3.8(e) were grown with identical structures to those in Group D

but without the growth interruptions. For the sake of consistency, all GaAsP
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(@) (b) (e

e

Figure 3.8 — Pictorial representation of NW groups A — E. Shaded and white
regions represent GaP and GaAsP layers, respectively Arrows each depict the
introduction of a 3 minute growth interruption. The diagonally striped regions
represent the Au seeds at the NW tips. Nanowire segments are not drawn to scale.

Table 3 1 — Sample descriptions and results amongst NW groups A — E.

Duration of Density of
o SRmp !e : Growth Interruption  Stacking Faults®
Group Description : 1
(min) (nm™)
A GaP 0 0.70
(no growth interruptions)
B GaP 3 0.40°
(10 growth interruptions)
g 3-tiered GaP/GaAsP/GaP 3 0°
(2 growth interruptions)
D GaP/GaAsP superlattice 3 0°
(10 growth interruptions)
E GaP/GaAsP superlattice 0 0.24

(no growth interruptions)

* Stacking fault densities were averaged over several NWs.
® Measured along NW segments grown immediately after a growth interruption.
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layers were grown at an As/P flux ratio corresponding to a nominal composition
of GaAs ¢Py .4, as determined from previous thin film calibrations on GaAs (100)
substrates. All growths were terminated by closing the shutter of the Ga cell
while allowing the sample to cool under a Group V overpressure.

After growth, the NWs were examined to distinguish the role of gas phase
switching and growth interruptions in the formation of stacking faults. Cross-
sectional analysis of as-grown NWs was conducted using a JEOL JSM-7000
scanning electron microscope (SEM) for direct comparison of NW lengths
amongst different samples. The as-grown NWs were removed from the Si
substrates by a 60 second ultra-sonication treatment, while suspended in a small
volume of de-ionized water. The suspended NWs were dispersed upon holey
carbon-coated copper grids for structural and compositional analysis using a
Philips CM12 transmission electron microscope (TEM) and a JEOL 2010F high
resolution transmission electron microscope (HR-TEM). High angle annular dark
field (HAADF) imaging and energy dispersive x-ray spectroscopy (EDXS) was
also employed in the latter instrument. For each NW group, similar results were

consistently observed over a population of several dozen NWs.

3.3.2 — Results and Discussion

Dramatic differences in the formation of stacking faults were observed by
TEM amongst the different NW groups. These results are summarized in Table

3.1. First, GaP NWs belonging to group A exhibited a large number of densely
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packed faults, on the order of 0.70 nm’, distributed regularly throughout their
length, as shown in Figure 3.9(a). Stacking faults in group B NWs, however,
where periodic growth interruptions were introduced, were sparser in comparison
to those in group A, at a density of roughly 0.40 nm™, as shown in Figure 3.9(b).
All values of stacking fault densities reported represent average values measured
over several NWs from each sample. Hence, it would appear that growth
interruptions in GaP reduced the density of stacking faults by almost a factor of
two.

As previously discussed, group C NWs were grown with a three-tiered
(GaP/GaAsP/GaP) core-multishell heterostructure, as illustrated in Figure 3.8(c).
Comparison of Figures 3.7(a) and 3.7(b) reveals that the first segment (GaP core)
exhibited many densely packed lateral Zb insertions. The introduction of the
initial growth interruption at the GaP-to-GaAsP interface resulted in the growth of
a region with no stacking fault formation. After a certain length, over 200 nm,
stacking faults reformed within the GaAsP layer. A second growth interruption,
introduced at the GaAsP-to-GaP interface (shown in Figures 3.7(c) and 3.7(d)),
then resulted in the formation of a second region along which the reformed
stacking fault sequence was once again quenched. This analysis confirms the
coincidence of the stacking fault elimination with the point of compositional
change. As in samples A and B, the gas phase switching appeared to play an

important role in the stacking fault formation.
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F ig:xgr*é 39— TEM images of single (a) foﬁp ’A NW and (b) Group B NW In the
case of Group B NWs, repeated growth interruptions were introduced, leading to
the formation of fewer stacking faults. Scale bars designate a 20 nm length.
Broken line indicators point toward the NW tips.

To further examine the role of growth interruptions and material
transitions on stacking faults, we turn our attention now to sample D, the
superlattice sample with growth interruptions. Figure 3.10 shows a TEM image
of a typical Group D NW Elemental counts of Ga (green), As (blue), P (red), and
Au (yellow) as obtained through an EDXS line-scan are superimposed on the
TEM image. An axial SL heterostructure can be discerned by considering the
variation in counts of P and As. At the NW base (left), the significant excess of P,
in comparison to As, is indicative of a predominantly GaP base region. Moving
towards the NW tip (right), the As content is observed to increase to the point
where As and P counts are comparable, signifying the onset of the initial GaAsP

segment. Beyond this point, the As counts are seen to decline and rise repeatedly

9 times. Segments along the NW where both As and P counts are comparable
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Figure 3.10 — TEM image of single superlattice NW with superimposed EDXS
line-scans showing elemental counts of Ga (green), As (blue), P (red) and Au
(yellow). 11 distinct segments are observed corresponding to the 11 layers within
the superlattice. Segments wherein As and P counts overlap are indicative of the
GaAsP layers outlined by dashed boxes, while P rich segments are characteristic
of GaP layers.
correspond to GaAsP insertions (shown as boxed regions), while P rich segments
are representative of GaP insertions. Correspondingly, ten alternating segments
of GaAsP and GaP are observed, indicative of the ten-tiered SL heterostructure.
Each successive GaAsP layer is observed to decrease in length from the bottom to
the top of the NW. This phenomenon is more pronounced towards the NW tip
and can likely be attributed to the decreasing growth rate of NWs due to
diffusion-limited supply of adatoms from the base, with increasing NW length.
The tapered morphology of the NW in Figure 3.10 has previously been
attributed to layer-by-layer growth based on nucleation of the diffusive adatoms
on the NW sidewalls [95]. To confirm this, a HAADF image along the centre of a

Group D NW is shown in Figure 3.11. Contrast variations are indicative of

alternating shells of GaP (dark regions) and GaAsP (bright regions). It is evident
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Figure 3 11 — Dark-field TEM image obtained from the central region of a group
D superlattice NW  Contrast variations across the NW width show the radially
alternating layers of GaAsP (bright contrast) and GaP (dark contrast), confirming
the core-multishell arrangement of the structure. The broken line indicator points
toward the NW tip.

that sidewall deposition occurs concurrently with axial VLS growth causing a
radially heterostructured architecture within the SL NWs. The thickness of each
shell is measured up to 5 nm. Thus, the structure of the SL NWs can be
accurately described as a GaP core with 10 alternating shells of GaAsP and GaP,
as depicted in Figure 3.8(d).

TEM analysis, for example in Figure 3.12, indicated a large number of
stacking faults in the group D NWs, with densities matching those of Group A,
until roughly the longitudinal midpoint, where they were observed to terminate
abruptly Beyond this point, the remainder of the NWs grew in a single Wz

phase, with no lateral Zb insertions, as confirmed by selective area diffraction

(SAD) analysis. The SAD pattern shown in Figure 3.12(b), corresponding to the
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Figure 3.12 — (a) Single NW TEM image of a group D NW. (b) SAD pattern
obtained from the NW tip region (upper blue circled region in (a)). (c) SAD
pattern obtained from the NW base (lower red circled region in (a)).
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circled region near the top of Figure 3.12(a), was obtained near the NW tip and is
indicative of a single-phase Wz crystal oriented along the <-2 1 1 0> zone axis.
NW segments with lengths up to 1.2 pm were formed free of stacking faults. In
contrast, the SAD pattern shown in Figure 3.12(c), corresponding to the circled
region near the bottom of Figure 3.12(a), was obtained from a region near the NW
base, where numerous densely packed stacking faults were observed. Streaking in
the [0001] direction in this instance was observed, indicative of the pseudo-
periodic arrangement of stacking faults in this region.

Next, the material composition of the group D NWs at the stacking fault
termination point was examined. In Figure 3.13, a TEM image near the stacking
fault termination point is superimposed with EDXS line-scans showing elemental
counts of Ga (green), As (blue), and P (red). Moving along the growth direction
(from right to left), the stacking faults cease to appear past the centre of the image.
Coincident with this region, the line-scan shows an increase in elemental counts
of As and decrease in P, indicative of the initial GaAsP layer. Thus, the
termination of stacking faults is coincident with the initial growth interruption and
the material change from GaP to GaAsP.

The length of stacking fault-free segments in group D NWs was dependent
upon the diameter of the Au seeds at the NW tips. To illustrate this point, Figure
3.14(a) and (b) show TEM images of two group D SL NWs with 14 nm and 9 nm
Au diameters, respectively. The NW with the larger Au tip (a) exhibited an

abrupt termination of stacking faults as described above, while the NW with the
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Figure 3.13 — TEM image and superimposed EDXS counts of Ga (green), As
(blue), and P (red). The termination of stacking faults in the growth direction
(right to left) coincides with a region where P counts decrease as As counts
increase, showing that the lateral defects are eliminated with onset of the initial
GaAsP layer. The broken line indicator points toward the NW tip.
smaller Au tip (b) consisted of several segments of fault-free growth, each
followed by the reappearance of Zb insertions. This effect will be elaborated
further in the discussion.

Finally, group E NWs (not shown), though identical in structure to group
D NWs but without growth interruptions, exhibited stacking faults throughout
their lengths at a density of roughly 0.25 nm”. Cross-sectional SEM analysis

revealed a mere 2% difference in lengths between group D and E NWs. This

leads to the argument that the introduction of growth interruptions in group D
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Figure 3 14 — (a) TEM image of the stacking fault (SF) termination point within a
group D NW with Au diameter of 14 nm. Beyond this point, no further stacking
faults were observed. (b) TEM image of initial stacking fault termination region
within a group D NW with 9 nm Au diameter. The reappearance of stacking
faults shows that the suppression of Zb insertions is dependent upon the Au seed
diameter and, hence, the growth rate of the NW Scale bars designate a 50 nm
length. The broken line indicators point toward the NW tips.

NWs places no substantial affect upon the NW growth rate.

Theoretical considerations on the matter of Zb/Wz polytypism in thin film
semiconductors have been reported in view of the compositionally variable
temperature dependence [172], the scaling of structural energy difference with
effective orbital ionicity [173], and the critical fractional ionic characteristic [167]
of a given material. However, the case of VLS grown NWs is further complicated

by the dynamic nature of the metal-semiconductor alloy employed as a physical

catalyst. Akiyama et al. [162] have shown that phase bistability in NWs relates to
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the ratio of the lateral facet area to the NW volume. This was shown to result in a
critical diameter, dependent upon the ionicity of a material, with which both Wz
and Zb layers can form. Dubrovskii et al. [98] also have shown that the formation
of polytypic arrangements in semiconductor NWs occur as a result of a surface
energy decrease on the faceted sidewalls, below a material dependent critical
radius. Finally, Glas et al [174] previously suggested that 2-D nucleation occurs
preferentially at the vapour-liquid-solid triple phase line where Zb forms when the
supersaturation of Group III (and possibly Group V) adatoms is less than some
critical value and conversely, that single phase Wz formation is favorable at high
supersaturation. However, it has been shown that Wz with Zb insertions (stacking
faults) occur in GaAs at high Ga or low As impingement rate, while single phase
Wz occurs at low Ga or high As impingement rate [108]. The latter results
suggest the existence of some critical Group III/V supersaturation below/above
which a transition from polytypic growth to primarily Wz growth occurs.

In the present studies, growth interruptions were executed by shuttering
the Ga source while maintaining the group V beam flux. During the growth
interruption we expect the Ga to be purged from the Au particle by reaction with
group V species, resulting in a low Ga supersaturation in the Au particle until
growth is resumed. Compositional analysis of the Au particle, based on EDXS
point measurements, revealed no significant Ga content within the seed, further
substantiating the argument for the purging of Group III species during growth

interruptions. Consistent with the results described above for GaAs growth, we
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speculate that once growth is resumed, a transient period occurs where the Group
III supersaturation is below some critical concentration favouring fault-free Wz
NW segments. As growth proceeds, increasing Ga supersaturation returns the
nanowire to a polytypic Wz/Zb phase. With respect to homoepitaxially grown
GaAs NWs, it has been reported that under conditions similar to the growth
interruptions discussed here, where Group V pressures are maintained in the
absence of Group III pressures, a “cooling neck™ occurs leading to a characteristic
narrow tip of dissimilar phase [108, 110]. Such an effect was not observed
amongst any of the NWs investigated in the current study. The basis for the
absence of a visible neck formation after growth interruptions in our
heteroepitaxially grown GaAsP/GaP systems remains a topic of further
examination.

The diameter dependence of stacking faults discussed with regards to
Figure 3.14 can be attributed to the dependence of growth rate upon seed
diameter. NW growth rates are inversely proportional to the diameters of the Au
seeds at their tips [79, 175]. Thus, it is expected that in faster growing NWs with
smaller particles, growth interruptions are not introduced at sufficiently high
frequencies, thereby allowing for the reformation of stacking faults in each
segment as steady-state concentrations are established in the Au particles. From
these results, we conclude that if growth interruptions are repeatedly introduced
between sufficiently short NW segments, then the reappearance of defects can be

suppressed and phase purity can be sustained over the entire length of a NW.
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3.4 — Influence of Compositional
Variances and Passivating GaP Shell
Layers on the Optical Properties of
GaAsP Core Segments

Recent research efforts have led to the demonstration of a variety of novel
opto-electronic device applications in which semiconducting nanowires (NWs)
are used as the active medium [13-24]. Nonetheless, integration of NW-based
applications within mainstream markets is hindered by some fundamental
roadblocks, one of which involves a more complete understanding of the role of
surface passivation in confinement effects [176].

In this section, we consider the structural and optical properties of
GaP/GaAsP core-shell NWs grown according to the VLS mechanism. We show
that radial and axial layers are distinctly self-arranged within a single segment of a
ternary semiconductor NW, resulting in increased P incorporation near the centre
of the NW. The effect of this compositional variance and the influence of a
passivating GaP shell on the optically active GaAsP regions are investigated
through Raman scattering (RS), photoluminescence (PL), and magneto-

photoluminescence spectroscopy (M-PL).

112



Ph.D. Thesis — P. K. Mohseni McMaster University — Department of Engineering Physics

3.4.1 - Experimental Details

NWs were grown on (111)-oriented n-type Si substrates. Pre-growth
surface processing of the Si substrates was initiated with a 20 minute ultraviolet
(UV) ozone treatment and subsequent wet-etching of the surface oxide in a 10:1
diluted buffered HF solution. Seeds for the NW growth were achieved by
electron-beam evaporation of Au with thickness of 10 or 40 A as measured by a
quartz crystal monitor. All substrates were stored under high vacuum (10™ Torr)
to inhibit surface contamination until transfer to the growth chamber.

NW growth was performed in a gas-source molecular beam epitaxy (GS-
MBE) system, where Group III monomers were supplied from a heated solid
elemental effusion cell and Group V dimers from a hydride gas cracker operating
at 950 °C. The P flux was initiated at 350 "C as the substrate temperature was
ramped from room temperature to the NW growth temperature.  Upon
stabilization at the growth temperature, the As, flux was initiated. At the substrate
temperature of 520 °C, growth was initiated by opening the shutter of the Ga
effusion cell, 60 s after the initiation of the As; flux.

Three NW samples of different sizes and structures were grown and
investigated in the current study, henceforth referred to as samples A, B, and C.
Details of the NW growth are provided in Table 3.2. Sample A NWs were grown
using a 10 A Au film and composed of a single segment of GaAs;.«<Px, with an
As/P flux ratio adjusted to yield a nominal composition of x = 0.4, based upon

previous calibrations of thin films grown on GaAs (100) substrates. The growth
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duration of sample A NWs was 30 minutes. Sample B NWs were grown in an
identical manner to that of sample A with the addition of a single, stoichiometric
GaP segment, grown for a duration of 10 minutes, and serving as a passivation
layer to the GaAsP core. Thus, the sample B NWs were grown to inherently
contain GaAsP/GaP core-shell heterostructures. Sample C NWs were grown
under identical conditions as sample A except a 40 A Au film was employed in
sample C rather than the 10 A Au film used in sample A. All growths were
conducted at a V/III flux ratio of 1.5. The group III effusion cell temperature was
stabilized to yield a nominal planar growth rate of 1 um-h™'. The growths were
terminated by closing the shutter of the Ga effusion cell, and the sample was
gradually cooled down from the growth temperature under a P, overpressure.
Pictorial representation of the three NW samples based on our structural analysis
is shown in Figure 3.15 as will be discussed further below.

Structural and compositional analysis of the NW samples was performed
after growth. A JEOL JSM-7000 scanning electron microscope (SEM) was
employed in the cross-sectional analysis of as-grown NW samples, particularly in
the determination of average NW heights. Single NW specimens, ultrasonically
removed in solution from the Si substrates and deposited upon holey carbon-
coated copper grids, were examined with a Philips CM12 transmission electron
microscope (TEM). In addition, compositional analysis was performed in various
positions along the NW length by embedding NWs in an epoxy resin (vinyl

cyclohexene dioxide) [177] cured at 70 °C, followed by the removal of lateral
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Figure 3 15 — Pictorial representation of sample A, B, and C NW structures. The
NWs are not drawn to scale. White and light gray segments represent As-rich and
P-rich GaAsP layers, respectively The dark gray segment of the sample B NW
signifies the GaP layer Dotted boxes, labelled 1, 2, and 3, correspond to the
regions of interest on the ultramicrotomed lamellae presented in Figures 3.18 and
3 19 The striped segments at the NW tips represent the Au seed nanoparticles.

Table 3.2 — Descriptions and dimensions of NW groups A — C.

NW Au Film Growth NW NW FWHL
Group Thickness (A) Sequence Height (um) Diameter (nm)
A 10 30 min GaAsP 3.75 53

30 min GaAsP
B 10 + 10 min GaP 200 4%
@ 40 30 min GaAsP 3.50 101
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lamellae with average thicknesses of roughly 80-100 nm, using an ultramicrotomy
procedure, at a slicing angle of approximately 5°. Lamellae were subsequently
‘placed upon TEM grids and sputter coated with a thin film of carbon (roughly 5
nm) to further reduce superficial electron beam-induced damage. The lamellae
were examined by high angle annular dark field (HAADF) characterization and
energy dispersive X-ray spectrometry (EDXS) using a JEOL 2010F high-
resolution transmission electron microscope (HR-TEM).

Raman scattering (RS), photoluminescence (PL) and magneto-
photoluminescence (M-PL) were performed to study the lattice vibrations and
electron excitations of samples A — C. The investigation of the lattice vibrations
(phonons) by Raman scattering allowed a structural characterization of the NWs,
while photoluminescence provided information about the electronic structure of
the NWs. Raman scattering was collected from the surface of the samples at a
temperature T = 10 K in the back-scattering configuration with an Instruments
S.A. T64000 triple grating spectrometer supplied with a liquid nitrogen-cooled
CCD detector. The PL measurements were carried out at T = 1.6 K with an Ocean
Optics Inc. HR2000 high-resolution spectrometer in an Oxford Instruments
optical cryostat with a superconducting magnet with magnetic field of 10 T
oriented parallel to the nanowires. The 5145 A line of an Ar’ laser was used for

excitation in RS and PL measurements.
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3.4.2 — Results and Discussion

The average NW heights were determined in cross-sectional SEM images
by measuring the distance between the planar surface and the top of the Au seeds
at the NW tips. Representative cross-sectional SEM images of all NW samples
are shown in Figure 3.16. The NW heights were measured to be approximately
3.75 um, 5.5 pm, and 3.5 pum, for sample A, B, and C NWs, respectively. The
SEM images revealed that the NWs were tapered near their tips, while also
exhibiting reverse tapering near their bases, as shown in the inset of Figure
3.16(b) and depicted in Figure 3.15(b). Therefore, the diameters of NWs was
quantified via their average full-width at half-length (FWHL) as measured in
TEM from a population of 100 sonicated NWs per sample. The average FWHLs
of the NWs were determined to be 53 = 11 nm for sample A, 96 £ 9 nm for
sample B, and 101 + 20 nm for sample C NWs. Figure 3.17 shows a comparison
of the normalized FWHL distributions for each NW sample, fit to a Gaussian
distribution, wherein the above uncertainty values represent one standard
deviation. The above results are summarized in Table 3.2.

The larger diameter of sample B compared to sample A NWs is attributed
to the presence of the passivating GaP shell in sample B but not A. In contrast,
the disparity between average FWHL values observed for sample A and sample C
NWs is the consequence of the thicker Au film employed in the growth of sample
C NWs. The thicker Au film results in larger Au nanoparticles upon annealing.

The length of NWs is inversely proportional to the Au seed particle diameter due
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Figure 3.16 — Cross-sectional SEM images of as-grown NW samples A (a), B (b),
and C (c). The highlighted region and inset in (b) further illustrates the reverse
tapering phenomenon, due to shadowing effects. All scale bars represent a 1 um
length.
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Figure 3.17 — FWHL NW diameters of samples A (black squares), B (red circles),
and C (blue triangles), fit to a Gaussian distribution. The profiles represent
sample sets of 100 single NWs.

to a simple material conservation principle [117, 175]. Larger Au nanoparticles
therefore result in the growth of thicker, yet shorter, structures.

In Section 3.2, the P content in the ternary alloy segment of the core-
multishell NWs, grown under identical conditions as the present study, was
determined to be 33%, at most, along the longitudinal centre of the NW, based on
a cylindrical approximation technique involving EDXS mapping and HAADF
imaging of individual NWs. In the current study, a more accurate determination
of the structure and composition of the NWs were achieved by examining
lamellae cut from the sample B NWs. Sections removed from the NW bases,

mid-section, and tips (represented in Figure 3.15 as boxes 1, 2, and 3,
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respectively) were probed in EDXS experiments to determine the elemental
distributions across the NW diameter at various lengths along the NW. Figure
3.18 shows a HAADF image of a lamella removed from the base region of a
sample B NW (box 1 in Figure 3.15) with superimposed EDXS linescans,
indicative of the elemental concentrations of Ga (green), As (blue), and P (red).
While the elemental counts of Ga are observed to be constant across the NW
diameter, the As and P counts, in contrast, are noted to deviate from a
homogenous profile within the centre. In the NW centre, the elemental
concentration of As atoms declines, whereas the concentration of P atoms rises.
Thus, a P-rich region is evident near the radial centre of the GaAsP NW. EDXS
mapping in several NWs indicated a region with composition of GaAs 56Py 44 near
the NW centre (depicted as the grey region in Figure 3.15) with a surrounding
composition of GaAsyesPy 3, (depicted as the white region in Figure 3.15). The
GaP passivating layer was notably absent from the base of the NWs which can be
explained by shadowing effects (see also the inset of Fig. 3.16(b)). The GaP shell
is initiated after the GaAsP segment is completed. At this point, the NWs have
already reached a certain critical height where shadowing from neighboring NWs
could limit the direct impingement near each NW base [79, 178]. As a result, the
GaP shell is absent near the base of the NWs, as depicted in Figure 3.15.

Next, a cross-sectional segment removed from the central region of a
sample B NW (box 2 in Figure 3.15) was examined, as shown in Figure 3.19.

Here, EDXS measurements indicated a homogenous composition of GaAsy 5P 32,
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Figure 3.18 — HAADF image showing the cross-section of a single sample B NW
near its base (corresponding to box 1 in Figure 3.15). EDXS linescans,
representative of elemental Ga (green), As (blue), and P (red), are superimposed.
The decrease in the As-profile and increase in P-profile observed near the centre
corresponds to the region of dark contrast, and demonstrates the presence of a P-
rich region near the NW centre. The scale bar represents a 20 nm length.

in close agreement with our previous cylindrical approximation method, discussed
in Section 3.2. Although no notable variation in the As/P ratio could be spatially
resolved by EDXS, a centrally localized region of dark contrast was resolved in
the HAADF image, associated with the presence of a small P-enriched inner
region within the GaAsP layer. Towards the circumference, the dramatic decrease
in As counts and sharp increase in P counts is characteristic of the presence of the
passivating GaP layer, which is also evident by the darker contrast along the NW

circumference.
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Figure 3.19 — Cross-sectional HAADF 1ma and uerimposed EDXS lines-cans
showing elemental counts of Ga (green), As (blue), and P (red), obtained from the
axial mid-section of a single sample B NW (corresponding to box 2 in Figure
3.15). A passivating GaP shell is seen as an outer disk of dark contrast. A central
spot of dark contrast shows the location of a small P-rich region near the NW
centre, which is unresolved by the EDXS line-scan. The scale bar represents a 20
nm length.

Similar EDXS scans obtained from the tips of sample B NWs (not shown)
demonstrated a GaAsP core diameter reduction and an increase in the thickness of
the GaP shell as depicted by box 3 in Figure 3.15. Previous investigations into the
nature of MBE-grown core-multishell NW heterostructures, involving the same
material samples, has led us to conclude that the aforementioned effect is a result
of the tapered or ‘pencil-shaped” morphology of NWs grown under similar
conditions as depicted in Figure 3.15 [108, 116]. EDXS mapping indicated a

homogeneous composition of GaAs 5Py ;> in this tip region of the NW, identical

to the composition of the NW mid-section and outer regions of the NW base.
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Based on the above EDXS analysis, a P-enrichment occurs in the centre
of the base region of the NWs with a composition of approximately GaAsg 56Pg 44
A composition of GaAsyssP3, was measured throughout other regions of the
NW. Initially, the main contribution to NW growth is adatom impingement on
the substrate surrounding each NW, followed by adatom diffusion to the Au
particle resulting in axial NW growth or direct nucleation on the NW sidewalls
resulting in radial growth. A thermodynamic model for the incorporation of
group V species in InGaAsP films during GS-MBE growth [179] indicated the
preferential incorporation of As compared to P, suggesting a longer diffusion
length before incorporation of P, compared to As; on the substrate surface.
Therefore, the species with longer diffusion length (P>) would be expected to
contribute more to axial growth of the NW that would lead to P-enrichment of the
NW centre as we observed, as compared to the species with shorter diffusion
length (As;) that would contribute more to radial growth of the NW. When the
NW becomes sufficiently long, the contribution to axial growth due to adatom
diffusion from the substrate diminishes and the main contribution to NW growth
then changes to direct impingement near the Au seed particle at the top of the
NW. In this case, differences in As; and P, diffusion on the NW sidewalls and
the Au seed particle may become less significant, which limits the P-enrichment
near the base of the NWs.
Raman spectra of samples A — C are shown in Figure 3.20. The GaAs-like

and GaP-like transverse optical (TO) and longitudinal optical (LO) phonons were
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Figure 3.20 — Raman scattering spectra obtained from as-grown NW samples A
(black), B (red), and C (blue) measured at 10 K. The spectra have been vertically
shifted for clarity.

clearly observed in the single segment GaAsP NWs (samples A and C).
Moreover, considerable Raman scattering was observed in the single segment
NWs (samples A and C) in the interval between the TO and LO GaP-like
phonons. Such Raman scattering was not found in the encapsulated NW (sample

B), where the surface was passivated. Therefore, it is likely due to the surface

modes present in the NWs with open surfaces [180, 181]. The relative frequency

P jaAs

positions (vio, vi0"**) and integral intensities (ILo"*, I.o"**) of the GaP-like
and GaAs-like LO phonons in samples A and C allow a determination of the P-

concentration of the GaAs; Py alloy according to Equations (2.12) — (2.14).
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The frequencies and the integral intensities of the GaP-like and GaAs-like
LO phonons were obtained from fits of the experimental Raman spectra by
Gaussian lines. The integral intensities yield x = 0.48, while the positions of the
GaAs-like and GaP-like LO phonon frequencies (interpolated to room
temperature) give x = 0.43 and x = 0.42, respectively. In comparison, a
composition x = 0.44 was obtained from EDXS analysis for the centre of the NW
base and x = 0.32 elsewhere. Raman scattering cannot distinguish between
contributions from different parts of the NW. Instead, the Raman lines will consist
of the weighted average contributions of the entire NW. In addition,
compositional determination by Raman is complicated by scattering effects within
the NWs [182].

The Raman data obtained in the encapsulated NWs (sample B) clearly
demonstrate the effect of the core-shell misfit accommodation. The GaP-like LO
phonon line is considerably blue-shifted with respect to the corresponding lines in
the single segment NWs (samples A and C). Moreover, the LO phonon line of the
GaP shell is red-shifted with respect to the frequency of the bulk GaP LO phonon
(404 cm™"). This is a manifestation of the stressed GaAsP core and the tensile
GaP shell, which is expected from the difference in corresponding lattice
constants.

The PL spectra of the NWs are depicted in Figure 3.21. The single segment
NWs (samples A and C) emitted narrow PL lines with peak positions near 1.8 eV.

The slightly different PL peak positions of samples A and C (a difference of about
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Figure 3.21 — Photoluminescence spectra of the samples A (black), B (red), and C
(blue) measured at T = 1.6 K. Insets show the comparisons between the PL
measured close to the peak positions without the magnetic field (black, red, and
blue lines for groups A, B, and C, respectively) and in the magnetic field B=10 T
(gray lines).

6 meV) is likely caused by the effects of spatial confinement. The TEM analysis
indicated an average NW diameter (full-width at half-length) of 53 nm for sample
A and 101 nm for sample C (see Table 3.2 and Figure 3.17). The large diameter
of the sample C NWs does not result in a significant quantization of the electron
energy. However, for sample A, a confinement energy of about 1.5 meV was
calculated by the envelope function approximation using the parameters from Ref.
[152]. The difference between the experiment (6 meV) and the calculation (1.5

meV) may be explained by assuming a smaller effective “electronic’” diameter of
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sample A caused by spatial confinement due to surface depletion, as discussed
further below.
The effects of the spatial confinement were further measured by magneto-

PL measurements. The magnetic field does not influence the electron energy

when the NW diameter Dy < Lg, where Lg = ‘ﬁﬁe—g is the magnetic length. In
the magnetic field of B = 10 T the magnetic length is about 10 nm. In such a
magnetic field one expects a blue-shift of the PL measured in the GaAs; P, NW
samples of about 7 meV (calculated as the energy shift of the lowest Landau
level). The PL peak intensities in the magnetic field B = 10 T are compared with
the PL intensities measured without the field in the insets of Figure 3.21. Only a
very small (about 1 meV) blue-shift was found in sample A with the nominal
diameter of 53 nm. An absence of the anticipated blue-shift in sample A indicates
a considerably smaller effective “electronic” diameter which results in
determination of the electron energy mainly due to spatial confinement. Larger
blue-shifts of the PL lines (about 3 meV) measured in the magnetic field of 10 T
were observed in samples B and C indicating less spatial confinement compared
to sample A. When the magnetic length is much larger than the effective
electronic NW diameter (L > Dyw) the electron energy is completely determined
by the NW size quantization. In such a case, no variation of the PL energy with
the magnetic field is expected. In the opposite limit (Lgy < Dnw) the magnetic
field is responsible for the electron energy quantization. In the bulk GaAsP, in the

magnetic field B = 10T (Lz = 10 nm), the magnetic field induced PL blue-shift of
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about 7 meV is expected. In samples B and C, we measured blue-shifts of 3 meV
meaning that, in these samples, the magnetic field considerably influences the
electron energy. The total electron energy, thus, is determined by the effect of the
applied magnetic field and the effect of spatial confinement. Accordingly, Dy is
on the order of, but somewhat larger than, Lz = 10 nm in samples B and C. In
sample A, a much smaller shift was observed (about 1 meV) in the magnetic field.
Hence, the effective nanowire diameter, Dy < Lz = 10 nm in sample A, which is
consistent with the previously presented zero-field blue-shift of the PL peak
position of sample A compared to C.

The most striking effect is the significant red-shift and the substantial
increase in intensity of the PL found in the encapsulated core-shell sample B
compared to A and C. A similar increase of the PL intensity was found by Skold
et al. in the case of core-shell InGaP/GaAs NWs [183]. The increase in PL
emission upon encapsulation of the NWs is due to passivation of the surface states
which cause non-radiative recombination of the excited electrons. Another
striking observation is the red-shift of the PL in the passivated NWs of sample B,
while a blue-shift is expected due to the shell strain [183].

The Franz-Keldysh effect [184, 185], caused by the built-in surface electric
field and observed recently in InP [186], also cannot explain our observed red-
shift of the PL emission. Passivation of surface states responsible for the built-in

electric field eliminates the effect of the surface band bending. Therefore, a blue-
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GaP GaAsP GaP

PL

GaAsP

Figure 3.22 — Model for the radial distribution of the electron gap in the (a) core-
shell GaAsP/GaP group B NWs and (b) in the single segment GaAsP groups A
and C NWs. The electron transitions active in the photoluminescence are shown
by the vertical arrows.
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shift of the PL emission, opposite to our observed red-shift, is expected in the
encapsulated NWs.

Based on the extensive structural analysis of the NWs presented earlier, a
model is developed to account for the observed modification of the PL emission.
We suppose that the P-enrichment of the central GaAsP segment found through
the EDXS analysis plays a crucial role in the detected red-shift of the PL
emission. The model radial distribution of the electron potential assumed in the
passivated sample B NW is shown in Figure 3.22. The P-enrichment of the
central part of the core-shell GaAsP/GaP NWs causes the radial gradient of the
electron gap energy shown in Figure 3.22(a). Electrons are confined in the
narrow ranges of the NWs close to the GaAsP/GaP interface. This circular range
occupied by the electrons is responsible for the PL emission. The band bending
due to surface states of the single segment GaAsP (samples A and C) produces the
built-in electric field which depletes the electron states and shifts the range where
the electrons are confined to the inner part of the NW with the larger gap (higher
P content in the centre of the NW base). The corresponding radial gap variation is
depicted in Figure 3.22(b). Therefore, the energy of the core-shell NWs decreases
as compared to the single segment NWs. This model also accounts for the smaller

effective “electronic” diameters of the NWs mentioned above.
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3.5 — Chapter Conclusions

The growth of GaAsP/GaP core-shell heterostructured NWs on Si (111)
surfaces has been investigated. The epitaxial growth was accomplished via Au-
assisted VLS-type growth, as confirmed by the presence of characteristic Au
particles at the NW tips. Structural analysis demonstrated the monolithic
integration of free-standing, orthogonally-oriented NWs on Si substrates, grown
along the [0001] direction of the hexagonal crystal lattice. Through EDXS line-
scan studies, a model for the heterostructure geometry was defined. Indeed, a
core-multishell arrangement was confirmed, in which adjacent NW layers were
arranged coaxially.

The crystal structure of the NWs was characterized as hexagonal wurtzite
with periodically positioned stacking faults in the form of lateral zincblende
insertions. It was shown that growth interruptions implemented prior to the
growth of each compositionally variant segment allowed for the control of
crystalline phase-purity. This was attributed to the decrease of growth species
supersaturation in the Au seeds during the growth interruptions, and particularly
to the purging of Ga. Through the growth of superlattice NWs, with regular
growth interruptions introduced at the heterostructure interfaces, defect-free
crystal assembly was achieved.

Finally, through extensive cross-sectional analysis of single NWs

composed of GaAsP, it was found that preferential incorporation of P occurs in
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the early stages of growth, leading to a P-rich core and P-deficient shell within a
single NW segment. This preferential incorporation was accounted for by the
difference in diffusion length of As, and P, dimers and the evolution of their
relative contributions at various stages of growth. The radial variation of the P-
composition detected through EDXS mapping measurements was shown to
drastically influence the PL emission. The combined effects of the radial P-
distribution, leading to distinct bandgap energies, and of surface charge depletion
were observable in the M-PL spectra of the corresponding NW samples. A
qualitative model was presented for the PL emission from GaP/GaAsP coaxial

NWs, considering the role of surface passivation and preferential P-incorporation.
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Chapter 4

GaAs Nanowires on Foreign Substrates

4.1 — Introduction

In this Chapter, the growth of GaAs nanowires (NWs) on several foreign
substrates is presented. The aim is to define a suitable growth surface on which
high crystalline quality III-V semiconductor NW structures can be assembled and
utilized for opto-electronic device applications. Foreign substrates are considered
as a means of realizing additional functionality and significant cost advantages in
comparison to otherwise conventional homo-epitaxial growth alternatives. As
potential candidates for suitable substrates, we explore Si (100) and (111)
surfaces, stainless-steel films, borosilicate glass substrates with polycrystalline
buffer layers, single-walled carbon-nanotube composite films (as previously
reported in Ref. [119]), and highly-ordered pyrolytic graphite substrates. The
distinct pre-growth sample preparation details, post-growth structural analysis,
and the potential merits for device fabrication are presented with regards to each
NW-substrate combination. We conclude that the hybrid system comprised of
GaAs NWs on carbon-nanotube composite films is the most favourable

alternative for opto-electronic device applications.
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4.2 — Growth of GaAs Nanowires on Si
(100) and (111) Substrates

4.2.1 — Experimental Details

Boron-doped, 2-inch diameter Si (100) and (111) substrates, as purchased
from Virginia Semiconductor, Inc., were used as growth surfaces for the assembly
of GaAs NWs. As in the case of the GaAsP/GaP NWs discussed in Chapter 3, the
Si substrates utilized in the current study were subjected to a 20 min. ultraviolet
ozone treatment for the growth of a sacrificial oxide layer followed by a wet-
etching procedure for 30 s in a 10:1 buffered HF solution, and subsequent
deionized (DI) water rinse. The surface treated substrates were then transferred
in ambient air to an electron-beam evaporation system for the metallization of a
40 A thick Au film, as monitored by a quartz crystal thickness monitor. Upon
transfer to the GS-MBE system, discussed in Section 2.1, the Au-deposited Si
wafers were heated to a growth temperature of 550 °C and subjected to an
inductively coupled H, plasma treatment, under an As, overpressure, for the
spontaneous formation of Au nanoparticles.

The opening of the Ga effusion cell, fixed at a temperature yielding a
constant nominal deposition rate of 1 pm/hr, marked the commencement of the
growth sequence. A constant V/III flux ratio of 1.5 was employed for NW

growths, over a period of 30 min, after which the Ga shutter was closed,
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signifying the termination of the growth sequence. The samples were then
allowed to cool under a constant As; flux.

Post-growth analysis of as-grown NW samples was carried out with a
JEOL JSM-7000 F scanning electron microscope (SEM), for investigations on
NW orientation, density, and morphology. Single NW structural characterization
experiments were conducted with a Philips CMI12 transmission electron
microscope (TEM) and a JEOL JEM 2010F high-resolution transmission electron

microscope (HR-TEM).

4.2.2 — Results and Discussion

Densely packed growth of GaAs NWs, with lengths up to 2.5 um and full-
width at half-length dimensions between 20 nm and 100 nm, were achieved on Si
(100) and Si (111) substrates. In both cases, the preferred NW growth directions
can be surmised from plan-view SEM images, based on the orientation of the
NWs with respect to the (110) oriented wafer flats, and from cross-sectional SEM
images, based on the NW orientations with respect to the substrate surface. First,
we shall consider NWs grown on Si (100). Figure 4.1(a) and (b) show planar and
cross-sectional SEM views, respectively, of as-grown GaAs NWs on (100)
oriented Si. In Figure 4.1(a), the substrate flat is positioned parallel to the bottom
edge of the image. Hence, in the plan-view, NWs grown in the equivalent <111>
directions of the crystal lattice will be projected at 45° relative to the wafer flat.

Although, a variety of growth directions are seen in Figure 4.1(a), it is clear that
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Figure 4.1 — (a) Plan-view and (b) cross-sectional view of GaAs NWs grown on
Si (100) substrates. The inset in (a) demonstrates the projections of the lower
index growth directions. The black arrows in (b) indicate examples of NWs
grown in the <111> directions. Scale bars represent a 1 pm length.
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the energetically favourable <111> direction is dominant. As discussed in Section
1.3, this is accounted for by the greatest areal density of bonds formed in the
<111> directions [93]. The cross-sectional SEM image shown in Figure 4.1(b)
demonstrates the various NW orientations, while examples of NWs grown in the
<111> directions (oriented at 35.3° relative to the substrate surface) are indicated
by black arrows.

In the case of growth on Si (111) substrates, the NWs are oriented
orthogonally with respect to the substrate surface. Orthogonal growth on (111)
surfaces demonstrates the epitaxial relationship between the fabricated NWs and
the underlying substrate [10, 157, 158]. Figures 4.2(a) and (b) show planar and
cross-sectional SEM images of GaAs NWs grown on Si (111) substrates. In the
inset of the Figure 4.2(a) the hexagonally facetted structure of the NWs can be
clearly seen. The thickness of the planar GaAs film, deposited in tandem with
NW growth on substrate regions not activated by Au seeds, was measured to be
roughly 200 nm in the case of growths on both (100) and (111) oriented surfaces,
as seen in Figures 4.1(b) and 4.2(b), respectively.

The morphology and structure of the GaAs NWs grown on Si substrates
was investigated by TEM. Independent of the surface orientation of the Si wafers,
three main NW morphologies were observed including rod-shaped NWs, tapered
or ‘pencil-shaped’ NWs, and curved NWs with irregularly faceted sidewalls.
TEM images showing examples of each NW morphology are shown in Figure

4.3. Growth of rod-shaped NWs was restricted to the peripheral regions of the
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Figure 4.2 — (a) Plan-view and (b) cross-sectional view of GaAs NWs grown on
Si (111) substrates. The inset of (a) shows a magnified plan-view of two NWs,
showing their hexagonally facetted cross-sections. The broken NWs seen in (b)
resulted from the sample cleaving procedure. Scale bars represent a 1 pm length.
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Figure 4.3 — TEM inﬁages ‘shAowi‘ng éxémple of three distinct NW morphologies
including (a) a rod-shaped NW, (b) a tapered or ‘pencil’-shaped NW, and (c) a
curved NW

substrate, as confirmed through SEM imaging, examples of which are shown in
Figure 4.4. During growth, the peripheral substrate regions are shadowed by
edges of the molybdenum substrate holder such that adatom impingement fluxes
are reduced in this region, in comparison to all other regions of the substrate
surface. Due to the reduction of available growth species, NW growth rates are
reduced in the peripheral regions. This inhibits the growth of NWs located at the
edges of the substrate, such that they do not exceed the critical length beyond
which significant sidewall growth ensues [95, 100] Thus, the NWs grown along
the peripheral regions of the substrate exhibit rod-shaped morphologies, as in
Figure 4.3(a). In contrast, NWs grown elsewhere experience sufficient growth
species fluxes, both through direct impingement and diffusion regimes, such that
their heights exceed the aforementioned critical height. Beyond this point, the
evolution towards step-flow growth on the sidewalls promotes the assembly of
NWs with tapered morphologies, such as the NW shown in Figure 4.3(b). A third

NW morphology is also observed in the case of growths on Si (100) and (111)
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oo

Figu'r:: 44— (a) Cross-sectional and (b) tilted SEM views of s:éro ;o-shaped‘
NWs at the peripheral regions of a Si (111) substrate.

wafers, as shown in Figure 4.3(c). Here, a curved NW is observed, with its width
exhibiting a clear tapering from base to tip. Interestingly, one side of the structure
is observed to have a smooth sidewall structure, while the opposite side
demonstrates a step-wise faceted morphology with step lengths on the order of
tens of nanometres. As seen in the TEM image, the step size decreases from base
to tip, in proportion to the NW diameter. Based on tilted-view and cross-sectional
SEM imaging, an example of which can be seen in Figure 4.2(b), it was
distinguished that for all NWs grown with such curved morphologies, the step-
wise facetted side was the side exposed to the incident adatom flux during growth,
while the smooth sidewall always faced the substrate. Although the nature of the
growth mechanism associated with such morphologies is currently unknown,
similar structures have been observed upon chemical vapour deposition (CVD)
synthesis of Si/Ge NW systems [187]. In this example, the authors attributed the

surface roughening to dislocation-mediated strain relaxation within Si shell layers,
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Figure 4.5 — HR-TEM image of single NW showing the distinctive ABABAB
atomic layer stacking sequence of the wurtzite crystal with intermittent zincblende
stacking fault insertion. The white arrows show the locations of stacking faults,
whereas the black arrow points towards the NW tip. The white box outlines a
region from which the fast Fourier transform (FFT) shown in the inset was
obtained. The FFT in the inset is characteristic of the hexagonal wurtzite
structure.
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which were lattice-mismatched with respect to Ge core segments. However, in
the present study, the surface roughening is strictly isolated to only one side of the
NW structure, while the homo-epitaxial relationship between the axial growth and
sidewall growth regions rules out the potential for lattice-mismatch associated
strain relief.

Finally, the NW crystalline structure was examined through analysis of
single NW specimens. Figure 4.5 shows an HR-TEM image of a single ‘pencil’-
shaped NW, with the black arrow indicating the growth direction. Here, the
atomic layer stacking sequence is observed to be of the ABABAB type,
indicative of the hexagonal wurtzite crystal structure, as discussed in Section 3.2.
Furthermore, as indicated by the white arrows, disruption of the wurtzite stacking
arrangement occurs by transformation of the stacking sequence to the
ABCABC  configuration, indicative of zincblende layers. As before, this
polytypic transformation in an otherwise wurtzite crystal is characterized as a
stacking fault. Throughout the length of all NWs examined, the presence of
stacking faults was regularly observed. The hexagonal wurtzite structure,
however, was the dominant structure in all cases. This is evident by the
characteristic wurtzite fast Fourier transform (FFT) pattern obtained from the
region indicated by the white box in Figure 4.5, and shown in the inset.
Therefore, as in the case of NWs discussed in Chapter 3, GaAs NWs grown on Si
substrates also exhibit a predominant hexagonal crystal structure, with growth

along the [0001] direction, and intermittent zincblende stacking fault insertions.
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4.3 — Growth of GaAs Nanowires on
Stainless Steel Foils

4.3.1 — Experimental Details

Stainless steel foils, supplied by Goodfellow Manufacturing (Cambridge,
England), were used as mechanically flexible substrates for the growth of GaAs
NWs. For the optimization of Au nanoparticle formation on the metal foils, a
series of deposition and annealing tests were conducted. First, the stainless steel
foils, having thickness of 125 um, were diced to dimensions of approximately 10
x 5 mm’, matching the dimensions of the molybdenum sample holder employed
for MBE growth. Next, through electron-beam evaporation, Au films of thickness
10 A, 20 A, 40 A, and 80 A were deposited on 4 different metal foil samples,
respectively, as monitored by a quartz crystal thickness monitor The Au coated
samples were then subjected to a rapid thermal annealing (RTA) process, under
N> flow, for 10 min at a temperature of 550 °C, for the dissociation of the Au film
and formation of Au nanoparticles.

The annealed films were then imaged using a JEOL JSM-7000 F scanning
electron microscope (SEM), operating under low accelerating voltage conditions
in backscattered electron (BSE) mode, for enhanced contrast between Au seeds
and steel substrate. The purpose of this procedure was to directly image the
density, average diameter, and average pitch of the Au nanoparticles resulting
from Au films of varying thickness. These results are summarized in Table 4.1
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Table 4.1 — Summary of results from Au-film annealing studies.

Film Nanoparticle Average Nanoparticle Average
Thickness (A) Density (um™) Diameter” (nm) Pitch” (nm)
10 47 33.74 81.54

20 94 19.62 80.48

40 87 47.68 96.41

80 36 61.46 136.73

* Representative of 100 nanoparticle sample populations.
® Pitch is defined here as the distance from nearest neighbouring nanoparticle.

Clearly, the optimization results indicated that the highest density of
smallest particles resulted from an RTA treatment of the 20 A thick Au film. In
all cases, the observed average nanoparticle pitch was suitable for the prevention
of significant NW fusion or merger effects, brought about through direct contact
of adjacent NWs upon sidewall growth. The critical pitch, beyond which NW
merging effects were observed to transpire, was defined as 37 nm, based on
previous analysis of GaAs NWs grown on Si (111) substrates. The diameter and
pitch results shown in Table 4.1 represent measurements from sample populations
of 100 nanoparticles.

For NW growth, the RTA treated stainless steel foils with surface
decorated Au nanoparticles were loaded in the GS-MBE systems, discussed in
Section 2.1, held by a customized molybdenum holder housing 6 samples.
Cleaved Si pieces were positioned on the backside of the thin metal foils to secure

them in place inside the sample holder windows. After reaching the growth
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temperature of 550 °C, under an As, overpressure, growth was initiated by
opening the shutter to the Ga effusion cell. The growth rate, V/III flux ratio, and
growth duration were adjusted to 1 pm/hr, 1.5, and 30 minutes, respectively
Growth was terminated by closing the Ga cell shutter and the samples were
allowed to cool to 350 °C under a constant As, flux. After growth, the as-grown
samples were imaged using the JEOL JSM-7000 F SEM system, operated in
secondary electron (SE) imaging mode at moderate accelerating voltages (5 — 10

kV).

4.3.2 — Results and Discussion

Imaging of as-grown samples demonstrated the synthesis of randomly
aligned NWs with tapered morphologies on the stainless steel surface of the
substrates. The random alignment can be attributed to either the random surface
orientation of the substrate grains or to a non-epitaxial growth relationship
between the substrate and assembled NWs. Pre-growth analysis demonstrated
definitive surface roughness with faceted grain features, as exemplified by the
plan-view SEM image shown in Figure 4.6(a). In previous studies we have
determined that NWs grow preferentially along the [0001] direction and that their
orientation relative to the substrate surface is a function of the orientation and
periodicity of the latter Given that the surface of the stainless steel foils
demonstrated no long range periodicity but, rather, a random configuration of

polycrystalline grains, it is expected that the orientation of NWs grown on this
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Figure 4.6 — (a) Plan-view SEM image of Au nanopartcles on te surface of
stainless steel foil substrate, prior to growth, demonstrating the granular surface
structure. Plan-view SEM image of as-grown NWs (b) at sample edge region and
(c) at the central sample region. (d) Cross-sectional view SEM image of as-grown
NWs, obtained from central sample region.
surface is also random. It is currently unclear whether or not the substrate
provides epitaxial guidance. Further TEM analysis is required in future works to
resolve this matter.

Figure 4.6 also shows SEM images of the as-grown NW samples. In
Figure 4.6(b), the shadowed sample edge is shown, demonstrating rod-shaped
NW geometries. As mentioned in the previous section, this exemplifies the early

stages of growth, before the critical NW length is reached. Furthermore, in Figure

4.6(b), the growth direction of the NWs, relative to the orientation of individual
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surface grains can be seen. Figure 4.6(c) and (d) show plan-view and cross-
sectional view images, respectively, representative of the central regions of the as-
grown samples. Here, a disparity it observed between the density of NWs grown
and the density of nanoparticles observed on the surface prior to growth. Indeed,
a lower density of NWs (14 um‘z) was measured after growth. Furthermore, from
high-magnification SEM imaging, an average Au-diameter of 41.42 nm was
measured at the NW tips, versus 19.62 nm prior to growth. These discrepancies
are attributed to the coalescence of Au nanoparticles, due to surface migration, at
the stage of the growth sequence prior to the opening of the Ga shutter.

Growth of one-dimensional nanostructures on metal foils for flexible
device applications have been previously reported by several groups. Boa et al.
have presented the synthesis of bismuth sulphide nanowires through solution-
based methods on tungsten sheets [188]. The growth of niobium oxide nanowires
on niobium foils through oxygen plasma treatments has been demonstrated by
Mogzetic and colleagues [189]. The hydrothermal reaction between lead and
tellurium powder has been shown to allow for the growth of lead telluride
nanowires on lead foils, by Zhang et al [190]. Umar et al. have presented the
fabrication of ZnO nanowires on aluminum foils achieved through the thermal
evaporation of zinc powder in the presence of oxygen [191]. The wet oxidation of
copper films has been shown to lead to the formation of CuO nanowires on Cu
foils by Xu and colleagues [192]. Also, the VLS-based growth of Si NWs on

stainless steel foils has been shown by Tsakalokos et al. [52]. However, to the
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author’s knowledge, no reports have been made to date on the growth of III-V
NWs on metal foils. The proof-of-concept demonstration and preliminary results
on the fabrication of the hybrid material combination discussed here shows the
potential for a novel class of low cost, flexible opto-electronic devices employing
GaAs NWs as the active medium. Routes for the extension of the current work

towards that end are presented in Chapter 6.
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4.4 — Growth of GaAs Nanowires on
Glass Substrates with Polycrystalline
Si1 Buffer Layers

The research presented in this Section represents a collaborative effort
between the Department of Engineering Physics, at McMaster University, and the
Photonic Silicon Department of the Institute of Photonic Technology (IPHT), in
Jena, Germany. Substrate fabrication and buffer layer processing was conducted
at IPHT, by Dr. Fritz Falk and colleagues. Surface treatment, pre-growth sample
processing, post-growth characterization, device fabrication, and device testing
were performed by the author, at McMaster University. The details and

discussion related to device fabrication and testing will be presented in Chapter 6.

4.4.1 — Experimental Details

Borosilicate glass (Schott borofloat 33) samples, received from IPHT-
Jena, were employed as substrates for growth of GaAs nanowires (NWs). The
glass substrates were coated by a SiN layer of approximately 70 nm thickness and
encapsulated with laser diode crystallized Si layers. Two distinct sample sets
were received with Si buffer layers of 200 nm and 400 nm thicknesses, henceforth
referred to as groups A and B, respectively. The laser crystallization process
applied to the substrates allowed for the formation of grains in the Si layer with
lateral extent on the order of several tens of microns. The buffer layers of both
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sample groups were highly p-doped with boron to dopant concentrations of
approximately 1 x 10" cm™.

The glass substrates were first segmented into 10 x 5 mm? sections,
corresponding to the area of the sample holder associated with the growth system,
using a dicing saw equipped with diamond blades. The segmented glass
substrates were next subjected to a two step wet etching process for the removal
of the native oxide of the buffer layer. This consisted of a 30 s treatment in 5 %
diluted buffered HF, followed by rinsing in de-ionized water, and subsequent
dipping in 2 % diluted buffered HF for H-passivation of the surface. The samples
were then loaded in an electron beam evaporation system for the deposition of a
40 A-thick Au layer. The Au coated substrates were transported in ambient and
loaded in a gas-source molecular beam epitaxy (GS-MBE) system for NW
growth.

Prior to the initiation of the growth sequence, a 15 minute degas procedure
was carried out at 300 °C, followed by an inductively coupled hydrogen plasma
treatment at 575 °C, for 10 minutes, under a constant As, flux. This step allowed
for the formation of Au nanoparticles which then acted as collection agents for
gas-phase adatoms upon the commencement of growth. Nanowire growth was
initiated by opening the shutter of the Ga effusion cell, and terminated after 30
minutes, by closing the shutter. The NWs were doped with Be for the first 7.5

minutes of growth and with Te for the final 17.5 minutes of growth, allowing for

the formation a p-n junction within each NW, with a core-shell architecture. The
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Figur 4.7 — Plan-view SEM mage of as-grown group A sample. (a) Low-
magnification view showing regions of sparse NW growth (bright contrast) and
regions of dense NW growth (dark contrast), confined to horizontally striped
zones. (b) Region of sparse NW growth, representative of segment shown in (a)
as a blue bordered window. (c) Region of dense NW growth, representative of
segment shown in (a) as red bordered window.

dopant concentrations were maintained at 5 x 10" cm™ and 4 x 10" em™, for Be
and Te levels, respectively. The growth conditions were kept constant for both
group A and B samples; namely, a growth temperature of 575 °C, a nominal
growth rate of 1.5 um/hr, and V/III flux ratio of 1.5. Upon growth termination,
the samples were cooled under an As, flux. Preliminary investigations of as-
grown samples involved imaging conducted with a JEOL JSM-7000 F SEM

system, operated in secondary electron (SE) mode at low accelerating voltages (<

2kV).
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4.4.2 — Results and Discussion

Group A samples, those containing a 200 nm thick Si layer, were observed
to accommodate NW growth with non-uniform density across the entire sample
surface. As evidenced by the planar SEM image shown in Figure 4.7(a), dense
NW growth was confined to “striped-regions” on the sample surface with lateral
extent on the order of 10 um. Sparse NW growth was observed between these
regions. Figures 4.7(b) and (c) show the regions of sparsely and densely packed
NW growth on group A samples, respectively. Although the details are unknown,
the stripes are anticipated to result from the laser crystallization process of the Si
layer. It is unclear whether Au nanoparticles preferentially assemble along these
striped regions prior to the start of NW growth, or whether the Au is evenly
distributed but NWs grow preferentially in certain recrystallized stripes.
Additional surface analysis and optimization of the laser crystallization method
would be required if this particular substrate were to be employed for future
device applications.

In contrast, group B samples, those containing a 400 nm thick buffer layer,
allowed for dense NW growth across the entire sample surface. Figure 4.8(a)
shows a plan-view SEM image obtained from an as-grown group B sample, while
Figure 4.8(b) shows a cross-sectional view of the same sample. Here, the
epitaxial relationship between the buffer layer and NWs can be discerned, as NW

orientations are noted to vary across different segments, corresponding to the
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Figure 4.8 — (a) Plan-view and (b) cross-sectional view SEM images of as-grown
group B samples of GaAs NWs on glass substrates with polycrystalline Si buffer
layers.
distinct surface orientation of individual grains comprising the polycrystalline
surface. The NWs were grown with a tapered morphology, having lengths up to 3
pum and approximate full-width at half-length dimensions of 100 nm.

In Chapter 6, the use of the group B samples in the fabrication of NW-

based solar cells is presented, along with preliminary performance results and

methods for the optimization of the device structure in future research efforts.
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4.5 — Growth of GaAs Nanowires on
Carbon-Nanotube Composite Films

In this Section, we explore the fabrication of a novel nano-hybrid material
system and demonstrate its potential for applications in flexible opto-electronic
devices. Metal particle-assisted coaxial p-n junction GaAs NWs were grown on
flexible films composed of single-walled carbon-nanotubes (CNTs). The
preparation of Au-functionalized CNT films was carried out by Dr. Gregor
Lawson, under the supervision of Dr. Alex Adronov (Department of Chemistry,
McMaster University). Scanning electron microscopy analysis of CNT composite
films and as-grown NW samples was conducted by both Dr. Lawson and the
author.  Sample preparation, imaging, and analysis of results related to
transmission electron microscopy experiments, along with device fabrication and
testing were carried out by the author. Optical characterization, through micro-
photoluminescence spectroscopy, was conducted by Dr. Christophe Couteau and
the author, under the supervision of Dr. Gregor Weihs (Institute for Quantum
Computing, University of Waterloo). This work is presented here as previously

published in Ref. [119].

4.5.1 — Introduction

Throughout the last decade, carbon-nanotubes (CNTs) and semiconductor
nanowires (NWs) have reached the forefront of the nanometre-scale materials
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sciences by offering novel device architectures and applications that take
advantage of their unique material properties [193]. The motivations for the
wealth of research conducted in relation to NW growth, characterization, and
device applications have previously been considered in Chapter 1. The field of
CNT-related research has also garnered tremendous interest, partly on account of
the novel electronic device applications in which they can be employed.

In particular, CNTs have been noted for their remarkable conductivity
[193] and thermal stability [194-196]. Furthermore, routinely practiced, cost-
effective, room-temperature methods can be exercised in the fabrication of thin-
films composed of single-walled CNTs, including spin-coating [197], casting
[198-200], spraying [201, 202], Langmuir-Blodgett film formation [203], layer-
by-layer (LbL) assembly [204, 205], electro-deposition [206], and vacuum
filtration [207-211].  Such CNT composite films demonstrate -electrical
conductivity and optical transparency comparable to conventional transparent
conductors such as indium-tin-oxide (ITO) [212], while simultaneously offering
enhanced mechanical flexibility [198]. Consequently, the use of CNT films, as
alternatives to ITO, has attracted particular interest in relation to specific opto-
electronic device applications, such as light-emitting diodes (LEDs) [213-216]
and photovoltaic cells [217-219]. Carbon-nanotube sheets have also been
reported to behave as p-type Ohmic contacts within GaN-based LEDs, with
contact resistances lower than conventional metallic contacts [220]. This unique

combination of properties renders CNT thin films excellent candidates for use as
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flexible conductive substrates for the growth of semiconductor NWs. Although
CNTs have been demonstrated as templates for the assembly of various
supplementary nanostructures [221-223], little consideration has been made, to
date, with regard to their integration with single crystalline semiconductor NWs,
over macroscopic scales.

Lawson et al. recently reported a simple method for the preparation of
single-walled nanotube (SWNT) thin films decorated with Au nanoparticle
clusters [224]. In this work, SWNTs functionalized with highly branched
poly(ethylene imine) (PEI) were shown to exhibit impressive aqueous solubility,
allowing for the formation of homogeneous thin films by vacuum filtration.
Incubation of PEI-functionalized SWNT films in HAuCl, solution resulted in the
formation of Au nanoparticle clusters in high density upon the film surface. In
this section, we report the employment of this procedure in the preparation of
conductive SWNT films, functionalized with Au nanoparticles, that are
demonstrated as suitable substrates for the assembly of III-V semiconductor NWs,
according to the vapour-liquid-solid (VLS) mechanism, in a gas source molecular
beam epitaxy (GS-MBE) system. Whereas the heteroepitaxial growth of NWs on
Si and ITO-coated substrates over large areas has been established [34], the use of
CNT composites as the growth surface has hitherto remained unexplored. This
work, therefore, represents the first union between the characteristic opto-
electronic benefits of GaAs NWs and the inherent flexibility and conductivity

offered by CNT films.

156



Ph.D. Thesis — P. K. Mohseni McMaster University — Department of Engineering Physics

4.5.2 — Experimental Details

All Au-functionalized CNT composite films utilized in the current work
were prepared according to the vacuum filtration method, described in depth in
Ref. [224], the details of which will not be further explored here. For NW growth
preparation purposes, traces of remnant HAuCl, were removed in a dilution bath
from the Au-nanoparticle decorated CNT films, which were subsequently dried
under nitrogen, removed from the Teflon membrane support on which they had
been fabricated, and transferred, Au-nanoparticle side up, to Si wafers, having
dimensions of approximately 1 cm”.  The films were then subjected to a rapid
thermal annealing (RTA) treatment at 550 °C for 10 minutes, under nitrogen

ambient.

For the purposes of this study, two distinct NW architectures were grown,
henceforth referred to as NW groups A and B, both of which were grown at a
temperature of 550 °C, under a V/III flux ratio of 1.5, and with a nominal planar
growth rate of 1.5 ym/hr. Group A NWs were strictly composed of nominally
undoped GaAs, while group B NWs were composed of p-n junction core-shell
heterostructures. The core-shell structures consisted of an n-doped GaAs core
surrounded by a p-doped GaAs shell. For the group A sample, nominally
undoped NWs were grown for 30 minutes. In the case of the group B sample, a
primary GaAs layer was grown over a 15 minute period, nominally n-doped with
Te to a concentration of 10'® cm™. Next, a secondary GaAs layer was deposited

for 15 minutes, nominally p-doped with Be to a concentration of 10'® cm™.
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Doping concentrations were calibrated using previous depositions of GaAs
epilayers on GaAs (100) substrates. For both group A and group B NWs, the
growth was terminated, after a total period of 30 minutes, by closing the shutter to
the Ga cell and allowing the samples to cool down from the growth temperature
under an As; overpressure.

The orientation, morphology, and density of the as-grown samples were
investigated using a JEOL JSM-7000 F scanning electron microscope (SEM) and
a Zeiss SMT NVision40 SII CrossBeam microscope, in secondary-electron
mode. The latter, equipped with focused ion beam (FIB) capability, was used in
the preparation of lamellae for cross-sectional transmission electron microscopy
(TEM) using a Philips CM12 microscope and a JEOL JEM 2010F high-resolution
transmission electron microscope (HR-TEM). For analysis of a single NW
specimen, the as-grown samples were subjected to a 60 second ultra-sonication
process in a small volume of de-ionized water after which suspended NWs were
deposited on a holey carbon-coated copper grid. Similarly, single NWs were
dispersed on an oxidized-Si substrate for micro-photoluminescence (u-PL)
characterization in a continuous flow helium cryostat at 7 K. Excitation was
provided using a laser centered at 532 nm at a power of 80 uW. Excitation and p-
PL collection were achieved through an objective allowing for an excitation spot
of roughly 2 um diameter. PL was resolved by a 75 cm grating spectrometer and

detected by a liquid nitrogen-cooled Si charge-coupled device camera.
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4.5.3 — Results and Discussion

Planar SEM images of SWNT-Au composite films before and after the
RTA treatment are shown in Figure 4.9(a) and (b), respectively. Thermal
annealing of PEI-functionalized SWNT films induces decomposition of the
functional groups attached to the surface of the CNTs and results in partial
restoration of the nanotube electronic structure and conductivity [225].
Furthermore, an annealing treatment ensures removal of volatile organic matter
that might otherwise contaminate the MBE chamber used for semiconductor NW
growth. Following this treatment, irregularly shaped Au-nanoparticle clusters
were found to re-form into smaller, discrete nanoparticles having an average
diameter of approximately 38 nm, as shown in Figure 4.9(b).

Analysis of as-grown group A samples through SEM experiments
demonstrated dense NW growth over the entire span of the Au-functionalized
SWNT films. Example of such SEM images are shown in Figure 4.10. Similar
results were obtained from the group B sample. In comparison to the vertically
oriented growth of NWs on Si (111) or GaAs (111)B substrates [116, 95], NWs
grown on SWNT substrates were observed to be oriented in a variety of angles
with respect to the growth surface. This can be understood by considering the
well-established premise that NWs preferentially assemble in the
thermodynamically favourable <0001> or <111> directions, for wurtzite and

zincblende crystal structures, respectively [116, 97]. However, in the case of the
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surfaces (a) before and (b) after a 10 min. RTA treatment at 550 °C. Regions of
bright contrast indicate locations of (a) Au-nanoclusters and (b) Au-nanoparticles.
present study, the growth surface lacks long range spatial periodicity, which is
necessary for epitaxial orientation of the NWs, due to the random stacking
arrangement of single-walled CNTs in the composite film.

Predominantly, both group A and group B NWs were of characteristic
tapered or “pencil-shaped” morphologies, with heights up to 2.5 um and average
full-width at half-length diameters of roughly 100 nm. The tapered NW
morphology is attributed to sidewall diffusion-limited radial growth, as previously
reported [95]. The simultaneous occurrence of layer-by-layer radial deposition
and Au-nanoparticle-based axial growth results in the core-shell architecture of
the NWs. A two-dimensional GaAs film, formed concurrently with the NWs, is
evident in Figure 4.10(b), above the SWNT substrate. Prior growths on single
crystalline Si substrates indicated two-dimensional film thicknesses of 120 nm, as

discussed in Section 3.2. In comparison, the present growth resulted in the

deposition of a planar film with average thickness of approximately 250 nm,
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, i u»j.;l s
Figure 4.10 — (a) Planar, (b) cross-sectional, and (c) tilted-view SEM images of
as-grown samples containing GaAs NWs on CNT composite films.
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likely as a consequence of shorter adatom diffusion lengths on the rough surface
of the CNT composite films.

Figure 4.10(c) shows a tilted SEM view of an area specifically
manipulated to demonstrate the flexibility of a SWNT film containing NWs. It is
particularly remarkable that the NWs studied in this project maintained their
structural integrity after bending, contorting, rolling, and folding of the underlying
flexible substrate, over macroscopic scales.

Structural analysis of numerous nanowires from both the group A and
group B samples was carried out by TEM analysis. Figure 4.11(a) shows a TEM
image of a NW that is representative of the structure and morphology of
practically all group A NWs grown on the CNT films. Figure 4.11(b) reveals a
magnified image of the identical NW in Figure 4.11(a). Similar results were
obtained for the group B nanowires. Contrast stripes intersecting the NWs
indicated the presence of intermittent stacking faults. A selective area diffraction
pattern obtained on the <2-1-10> zone axis of a defect-free NW segment, shown
in the inset of Figure 4.11(a), confirmed a wurtzite crystal structure with wires
growing along the <0001> direction. Consistent with previous experiments
involving hetero- and homo-epitaxially grown NWs [116, 164], the stacking faults
studied in the present case appeared as atomic layers arranged in a zincblende
structure, amongst defect-free wurtzite segments. The Au-nanoparticle at the NW

tip provides evidence for growth according to the VLS mechanism.
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Figure 4.11 (a) TEM image of a single group A NW Inset shows a SAD
pattern obtained from the same NW, indicative of the wurtzite structure and
<0001> growth direction. (b) Magnified TEM view of stacking faults visible
along the NW length.

A point of interest is the nature of the growth surface. Due to the
simultaneous deposition of a GaAs film during NW assembly, the NW/CNT
interface becomes buried during the growth process. To investigate the.NW/CNT
interface, thin lamellae were prepared via FIB, allowing for the analysis of small

cross-sectional windows where the internal NW structure, GaAs film, and CNT-

composite substrate can be examined in a single specimen. In Figure 4.12, a TEM
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Figure 4.12  Cross-sectional TEM ime of interfaces formed between NW,
GaAs film, and CNT substrate. The extension of stacking faults within the GaAs
film, localized to the lateral extent of the visible NW, indicates NW growth from
the CNT surface.

image is shown of a lamella removed from the as-grown sample. The coating
surrounding the NW in Figure 4.12 is simply a carbon layer deposited during the
sample preparation, as a protective envelope. Stacking faults can be seen
throughout the entire length of the NW including the portion buried within the
planar GaAs film. This observation leads to the argument that the initial NW
nucleation process occurred at the CNT Au interface. As the diameter of the Au

nanoparticles is considerably greater than that of a single CNT, each nanoparticle

is located upon a unique site which spans several randomly oriented underlying
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CNTs. Although the initial GaAs island nucleation can occur over a single CNT,
the formation of the initial GaAs layer at the CNT/Au interface, nonetheless,
extends over multiple CNTs. Therefore, although Figure 4.12 indicates an
intimate contact of the GaAs nanowires to the CNT films, it remains unclear, at
present, whether growth is epitaxially initiated. Additionally, a GaAs film grows
simultaneously between the NWs, but appears to play a negligible role in the NW
growth process. Due to the intimate contact between the NWs, planar film, and
CNTs, the role of the planar GaAs layer is of importance to the electrical
conduction pathways of this system, as discussed later.

Micro-photoluminescence studies were conducted on single NWs placed
on SiO; substrates. A typical p-PL spectrum is shown in Figure 4.13 for a group
A NW. Here, a single peak with 12.5 meV line-width is obtained at 7 K, centered
at 1.51 eV. The inset of Figure 4.13 shows a plot of the experimental shift in p-
PL peak energy with increasing temperature, as red data points. The expected
temperature dependence of the bandgap energy is also plotted in the inset, as a
solid black line, according to the Varshni relation for bulk GaAs [151]. The
agreement between the measured values and the Varshni curve indicates that the
PL emission may be attributed to band-to-band recombination transitions within
the undoped, bulk-like, GaAs NW [151]. Agreement between the measured
values and the expected trend also illustrates the high crystallinity, purity, and
optical quality of the NWs, making these materials promising for use in opto-

electronic device applications.
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Figure 4.13 — Single NW pn-PL spectrum obtained at 7 K. Inset plots the
measured PL peak energy with increasing temperature (red data points) as
compared to the theoretical bulk GaAs Varshni curve (black line).

The group A and B samples were further processed for electrical
characterization. The main intent in the processing procedure was to ensure
intimate electrical contact with the Au-capped NW tips, while avoiding a possible
short-circuit pathway through the planar growth region. SEM images of the
sample, at the various processing steps employed in device fabrication, are shown
in Figure 4.14. First, the entire sample was coated with a SiOy layer (step a)
formed through plasma-enhanced chemical vapour deposition (PE-CVD). This
layer provides a conformal insulating shell across all NWs and the surface of the

GaAs film, approximately 100 nm in thickness. Next, a polymer layer (S-1808
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Figure 4.14 — Processing steps in device fabrication: (a) PE-CVD deposition of
100 nm SiOy layer to coat NWs and planar growth layer. (b) Coating of oxidized
NWs with spin-cast polymer (S1808 photoresist) layer. (c) Partial O,-plasma RIE
of polymer layer for exposure of oxidized NW tips. (d) Buffered HF wet etch
treatment for the exposure of bare NW tips. (e) Full O,-plasma RIE for the
removal of remaining polymer layer. (f) Deposition of Ti/Pt/Au top contact,
followed by RTA treatment.
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photoresist) was spin-cast over the oxide-coated NWs (step b). After a 1 min
oxygen-plasma reactive ion etching (RIE) treatment, the top-most layers of the
spin-on-polymer were removed to expose the oxidized NW tips (step c). At this
point, the sample underwent a wet etching process in a 10:1 buffered HF solution
for the removal of the thin SiO4 cap at the NW tips (step d). A second, more
prolonged, RIE treatment occurred next, etching the remaining photoresist from
the surface of the NWs. As seen in Figure 14.4(e), after this processing step, the
planar GaAs layer and the body of the NWs remained insulated by the oxide
layer, while the NW tips became exposed. Thus, once a Ti/Pt/Au top contact
layer was deposited (step f), the intended pathway for electron flow through the
NWs to the SWNT film could be realized. Additionally, this process allows for
electrical contacting of the nanowﬁes despite the randomness in their tilt angle
relative to the CNT substrate.

To study the electrical behaviour of the fabricated devices and to establish
the role of Be and Te as dopants, a Ti/Pt/Au layer was deposited by electron-beam
evaporation on both group A (undoped GaAs NWs) and group B (p-n junction
core-shell NWs) samples. Prior to measurement, the samples were treated at 400
°C for 30 seconds, to produce an Ohmic contact at the contact/NW interface.
Figure 4.15 shows the current-voltage (I-V) characteristics of a bare SWNT film
(post RTA), a device fabricated using group A NWs, and a device fabricated

using group B NWs, under an applied bias of -2 Vto 2 V.
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Figure 4.15 — I-V characteristics of purified CNT film, prior to NW deposition
(black squares), fabricated devices containing undoped NWs (red circles), and
fabricated devices containing p-n junction NWs (blue triangles). Asymmetric
rectification in group B devices is indicative of diode-type behaviour from the p-n
junction NWs.

It is worthy to note that the SWNT film exhibited a conductive behaviour
prior to growth. From the I-V curve (square data points), CNT composite films
revealed a sheet resistance of roughly 68 Q/sq (resistivity of 6.81 x 102 Q-cm)
after being subjected to an annealing treatment. This value is in agreement with
SWNT composite film resistances previously reported [198, 207, 226] and is
comparable to sheet resistances measured in commercial ITO films [198]. The
observed slight rectifying behaviour is attributed to Schottky barriers formed

between the CNT film and probe tips [227]. The undoped NWs (group A
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samples, circular data points) demonstrated a high resistivity of roughly 5900
Q-cm. In contrast, the curve obtained from sample B, containing p-n junction
NWs (triangular data points), exhibited asymmetric rectification. Although the
specific contribution of the CNT/GaAs interface quality to the electrical
behaviour is currently unclear, the observation of diode-type behaviour in group B
devices, while not in group A devices, demonstrated the rectifying properties
exhibited by the p-n junction NWs. Similar results were reproducibly obtained
from at least 15 different contacts on each sample. Furthermore, p-n junction
GaAs NWs were epitaxially grown on (100) GaAs or Si substrates (which yielded
wires tilted along equivalent <111> directions) or (111)B GaAs substrates (which
yielded wires grown vertically from the substrate). These wires were processed
and contacted in the same approach as described above, and yielded forward bias
currents within the same order of magnitude as those grown on CNT composite
films [228]. These results suggest similar behaviour for tilted as compared to
vertically oriented NWs and, therefore, show the potential for the utilization of
GaAs/CNT hybrid device architectures in a variety of applications, including

flexible photovoltaics, light-emitting diodes, and sensors.
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4.6 — Growth of GaAs and InAs
Nanowires on Highly-Ordered
Pyrolytic Graphite Substrates

The research presented in this Section represents a collaborative effort
between the Department of Engineering Physics and the Department of
Chemistry, at McMaster University. Equal contributions to the experimental
planning of this work were made by Dr. Gregor Lawson (under the supervision of
Dr. Alex Adronov, Department of Chemistry) and the author. Dr. Lawson was
primarily responsible for Au nanoparticle synthesis, preparation of Au-decorated
highly-ordered pyrolytic graphite (HOPG) substrates, and the corresponding
surface analysis, including scanning electron microscopy. The author was
primarily responsible for pre-Au deposition surface modifications and analysis of
post-growth samples, including SEM, TEM, EDXS, and SAD characterization

experiments.

4.6.1 — Introduction

In the previous section, we demonstrated the growth of randomly oriented
GaAs NWs on thin conductive films composed of single-walled CNTs. However,
with consideration of device applications, it would be ideally suited to grow NWs
on conductive, flexible substrates which could provide long range surface order
and epitaxial guidance, while preferentially accommodating the vertical assembly
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of NWs. Through this approach, the undesirable effects of random NW
alignment, such as merging of neighbouring NWs and the lack of electrical
contact to more acutely-oriented NWs, could be effectively eliminated.
Furthermore, enhanced optical absorption, in the case of orthogonally aligned NW
arrays, could be exploited for photovoltaics applications [46].

Thin films composed of stacked individual layers of graphene are
particularly interesting potential candidates for use as flexible, conductive
substrates with long range surface atomic order. Recently, tremendous progress
has been achieved in the fabrication of novel opto-electronic devices, based on the
integration of graphene monolayers or graphene composite films [229-233].
Graphene thin films offer similar advantages as CNT composite films including
impressive mechanical flexibility, optical transparency, high electrical
conductivity, and thermal stability [230, 232, 234]. Furthermore, graphene
composite thin films can be fabricated through simple and low-cost procedures
involving the reduction of graphene oxide [235-238]. However, the randomized
stacking of individual graphene monolayers in a graphene thin film can create
defect sites at the boundaries of discrete platelets and disturb the long range order
of the substrate surface [238].

On account of the regular presence of such surface imperfections, it was
decided to first pursue the growth of NWs on highly-ordered pyrolytic graphite
(HOPG) substrates. If growth on HOPG could be easily achieved through the

VLS method, then routes towards the improvement of graphene film surfaces
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could be examined and NW growth on the latter could conceivably be achieved.
Thus, the growth of GaAs NWs on HOPG substrates was investigated as a
possible intermediate step towards realizing growth on graphene composite thin
films.

HOPG substrates are widely used in conventional scanning tunnelling
microscopy (STM) calibration experiments, on account of their relatively defect
free surfaces and conductive nature [239]. Furthermore, HOPG surfaces are
chemically inert and exhibit thermal stability at typical MBE growth
temperatures. Particularly, in the current study, HOPG substrates are employed
due to the long-range, periodically ordered, hexagonal arrangement of their
surface carbon atoms.

It has been previously demonstrated that HOPG substrates can be suitably
treated as surfaces for the assembly of various nanometre-scale structures. Of
particular interest are the formation of surface-parallel metallic NWs,
preferentially assembled along step-edges of HOPG substrates [240, 241], and
free-standing, single crystalline NWs grown on HOPG surfaces, through both
seed-assisted and seed-free methods [242-246]. In this section, we present the Au
nanoparticle-assisted growth of randomly aligned GaAs and InAs NWs, and the
Au nanoparticle-free growth of orthogonally oriented GaAs NWs, on HOPG
substrates. Several surface treatment methods are explored allowing for the
foundation of a qualitative model for vertical NW assembly, based on a Ga seed-

assisted growth mechanism.
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4.6.2 — Experimental Details

Monodisperse Au nanoparticles (NPs) were synthesized in accordance to
the well established Turkevich method, based upon the reduction of gold chloride
from sodium citrate in aqueous solutions [247, 248]. Through SEM analysis of a
sample population of 200 Au NPs, their average diameter was determined to be
21 + 6 nm, where the uncertainty represents one standard deviation from the mean
of a Gaussian fit. HOPG substrates were purchased from SPI Supplies and cut
using a scalpel, to dimensions of approximate 10 x 5 mm?, corresponding to the
area of the MBE sample holder used for annealing and growth studies. As-
received HOPG samples were laterally cleaved, through the conventional
adhesive tape technique [249], for the preparation of clean substrate surfaces.
Suspended Au NPs, in solutions of either deionized (DI) water or ethanol, were
drop-cast onto freshly cleaved HOPG surfaces and allowed to dry under ambient
condition while subjected to mild agitation for the reduction NP aggregation,
during a period of 30 min. Next, the Au-decorated HOPG samples were dried in
vacuo at a temperature of 50 °C for a duration of approximately 12 h.

The Au-decorated samples were then subjected to annealing tests,
consisting of 10 min annealing treatment at 550 °C in a gas-source molecular
beam epitaxy (GS-MBE) system. The purpose of this procedure was to determine
the degree to which Au NPs coalesce, upon surface migration at standard growth
temperatures. The MBE was employed in this process, such that the annealing

trials would mimic the exact pre-growth conditions. Upon SEM analysis of
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Figure 4.16 — Diameter distributions of Au NPs, deposited on H6PG surfaces,
before and after an annealing treatment for 10 min. at 550 °C.
annealed samples (drop-cast from solutions of Au NPs in ethanol), once again,
based upon a sample population of 200 individual NPs or clusters of
agglomerated NPs, diameters ranging between 16 nm and 84 nm were observed.
This observation points toward a significant coalescence of individual
nanoparticles, the influence of which will be clarified in the discussion to follow.
The results of pre- and post-anneal treatment diameter distributions are
summarized in the histogram shown in Figure 4.16.

In the current study, 5 separate NW growths were conducted, henceforth
referred to as NW groups A — E, with dissimilar pre-growth surface treatments,
growth durations, growth temperatures, and material compositions. The details of

the 5 NW groups are summarized in Table 4.2 and described, in turn, below.
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Table 4.2 — Description growth details pertaining to NW groups A —E.

Nw Growth Growth  Growth Surface
Group Temperature Duration Material Treatment
O (min.) Process
A 550 30 GaAs Drop-cast Au NPs from DI water

B,. Drop-cast Au NPs from ethanol

B,. Ethanol treated HOPG surface
B 550 15 GaAs B;. Untreated HOPG surface

B,. SiOy deposited HOPG surface

Bs. RIE treated HOPG surface

1 nm Ga film deposited on HOPG

C 350 15 GaAs surface prior to growth in MBE
D 600 30 GaAs Untreated HOPG surface
E 400 30 InAs E,. Drop-cast Au NPs from ethanol

E,. Untreated HOPG surface

All NW groups were composed of GaAs, with the exception of group E,
which was composed of InAs. All growths were carried out at with a V/III flux
ratio of 1.5 and nominal growth rate of 1 pm/hr., as determined through previous
thin film deposition calibrations. Likewise, all growths were terminated by
closing the shutter of the group III elemental source and allowing the samples to
cool under an As; overpressure. Group A NWs were grown at a temperature of
550 °C for a period of 30 minutes. Surface treatment for this group involved the
deposition of Au NPs, drop-cast from a dilute solution, in deionized water.

Group B NWs were grown at the same temperature as group A NWs,
however, for only half the growth period. In this case, 5 different NW samples
were simultaneously fabricated (samples B; — Bs), each having undergone a

distinct surface treatment process prior to growth. Sample B, was surface
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decorated with Au NPs, dispersed on the surface from a solution in ethanol. In
the case of sample B,, an equal volume of ethanol was deposited on the surface.
However, no Au NPs were contained in the volume. The purpose of the sample
B, treatment was simply to explore whether the use of ethanol, on the surface of
sample B, placed any discernable effect on the HOPG surface, such as surface
contamination or surface layer buckling, which in turn could influence NW
growth. In contrast to all other group B samples, the HOPG surface of sample B;
was left untreated after the initial lateral cleavage step. Next, in the case of
Sample By, an SiOy layer of 10 nm thickness was deposited on the surface,
through plasma-enhanced chemical vapour deposition (PE-CVD). Finally,
sample Bs was subjected to a 60 s O,-plasma reactive ion etching (RIE) treatment,
for the deliberate introduction of surface roughening.

Group C samples were loaded into the GS-MBE chamber with no
additional surface treatment subsequent to lateral cleavage. However, prior to the
initiation of GaAs growth, a 10 A film of Ga was deposited at 550 “C. The
sample was then subjected to an inductively coupled Hj;-plasma treatment, for
dissociation of the Ga film and the formation of a randomly distributed collection
of Ga NPs. Growth was then initiated by simultaneously opening the shutters to
the Ga and As; sources. After a growth period of 15 minutes, the group III source
was terminated and the samples allowed to cool under a group V overpressure.

Group D NWs were grown under conditions identical to group A NWs.

However, two major parameters were altered in this case. First, the HOPG
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surface was left untreated and, second, an increased growth temperature of 600 °C
was employed. As discussed in Section 1.3.3, growth at higher temperatures
leads to the promotion of group III adatom diffusion lengths while also inducing
the enhancement of group V growth species desorption. In the case of group D
NWs, the use of a higher growth temperature was intended to promote preferential
Ga island nucleation.

Finally, group E NWs were grown, composed of InAs. Here, two
different samples were used (E; and E,), with dissimilar surface treatment
processes prior to growth. Sample E, was surface decorated with Au NPs,
dispersed from a solution in ethanol (as with sample B). In contrast, sample E,
was left untreated after a pristine HOPG surface was exposed upon lateral
cleavage. Growth was carried out at a temperature of 400 °C, based on the
optimal growth rate of Au-assisted InAs NWs fabricated via MBE [250].

As-grown NW samples were imaged using a JEOL JSM-7000 F scanning
electron microscope (SEM). Single NW specimens were investigated using a
JEOL JEM 2010 F high-resolution transmission electron microscope (HR-TEM).
This system was also employed in analytical TEM-based experiments including
energy dispersive X-ray spectrometry (EDXS) and selective area diffraction
(SAD). Site-specific sample preparation for TEM was achieved using a Zeiss
SMT NVision 40 SII CrossBeam focussed ion-beam (FIB) system, according to

the procedure outlined in Section 2.2.2.
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4.6.3 — Results and Discussion

First, we focus on the initial series of GaAs growths, conducted on HOPG
substrates, namely, those which were previously classified as group A samples.
Post-growth SEM analysis of as-grown samples led to 4 main observations of
interest: (1) Orthogonally oriented NWs, of rod-shaped morphologies, with
maximum lengths of 2 um were distinguished. These structures were observed to
be grown in very low densities on the substrate surface, quantified by an areal
density of 29 NWs per 100 pm®. (2) NWs were observed to be situated amongst a
much greater number of individual polycrystalline island formations. (3) The
polycrystalline islands were noted to be seeded from facet-free formations, and
grown along the substrate surface. (4) No randomly aligned NWs were
distinguished.

Figure 4.17 shows 45° tilted-view SEM images, representative of the as-
grown group A samples. In Figure 4.17(a), the low density of columnar NWs
amongst a large collection of island formations is clearly seen, whereas Figure
4.17(b) demonstrates the direct vertical growth of a single rod-shaped NW on the
HOPG surface. The NW diameter, corresponding to the extent of the tip, was
measured to be approximately 60 nm.

In contrast to the NW structures, polycrystalline island formations were
also observed on the sample surface. An example of such an island is shown in
the 45° tilted-view SEM image, shown in Figure 4.18. Here, superimposed EDXS

line-scans of Ga (red), As (green), and Au (purple) are plotted, corresponding to
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200 nm

Figure 4.17 — 45° tilted-view SEM images of as-grown group A NW samples. (a)
Low-magnification view demonstrating a number of sparsely situated NWs,
orthogonally aligned with respect to the substrate surface. (b) Magnified view of
a single NW structure, showing rod-shaped morphology and direct growth on the
substrate.
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200 nm
(e

Figure 4.18 — Tilted-view SEM image of polycrystalline GaAs island formation,
seeded from a large Ga particle, on an HOPG substrate, with superimposed line-
scans of elemental Ga (red), As (green), and Au (purple).

the detection of characteristic X-ray counts, as induced by the primary electron
(PE) beam scanned along the structure, in SEM. Here, two points of interest
arise. First, scanning of the polycrystalline region of the sample exhibits equal
counts of Ga and As, representative of a stoichiometric GaAs crystal. However,
scanning of the facet-free or smooth structure, on the right-hand side of Figure
4.18, results in the abrupt decline of As counts and the clear increase of Ga
counts. Thus, it can be concluded that the facet-free structure is a large collection

of Ga, which appears to have seeded the surface growth of a GaAs crystal. The

second remarkable observation is the lack of Au detection throughout the entire
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structure. This will be further elaborated in relation to the TEM results, in the
following discussion.

Further structural analysis of single NW specimens grown on the group A
samples was conducted via analytical TEM experiments. In this case, samples
were prepared through the removal of lamellae from regions of interest on as-
grown samples using FIB. Figure 4.19(a) shows a TEM image of a vertical NW
removed from a group A sample. Higher magnification images of the NW tip,
midsection, and base are respectively shown in Figures 4.19(b), (c), and (d).
Starting from the base, in Figure 4.19(d), we note the atomic-layer abruptness of
the interface formed by the NW and the underlying HOPG surface. Next,
variations in the crystalline stacking arrangement are observed along the growth
direction in Figure 4.19(c), indicative of polytypic growth; this will be considered
in greater detail in a later discussion on crystal structures, based on SAD patterns
obtained from the same NW. A more immediate point of interest, however, is the
lack of a discernable particle at the NW tip, as observed in Figure 4.19(b).

Upon EDXS analysis of the same NW shown in Figure 4.19, it was
determined that no detectable concentrations of Au were present along the NW.
Rather, axial EDXS line-scans confirmed the GaAs composition of the NW, while
simultaneously demonstrating an increased detection of elemental Ga at the tip.
These results are illustrated in Figure 4.20, where an HAADF image of the same
NW shown in Figure 4.19, with superimposed EDXS line-scans of elemental Ga

(green), As (blue), C (red), and Au (purple), is represented. Starting from the NW
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50 nm

200 nm o . 10 nm
i

Figure 4.19 — TEM image of (a) single vertical group A NW with magnified
views of taken from the same NW showing the (b) tip, (c) midsection, and (d)
base. The HR-TEM image shown in (d) demonstrates the atomically abrupt
interface formed between the NW and substrate.
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200 nm
E

Figure 420 — HAADF image of same NW shown in Figure 4.19, with
superimposed EDXS line-scans of elemental Ga (green), As (blue), C (red), and

Au (purple).

base (left-hand side of Figure 4.20), we note that Ga and As counts suddenly
increase as the PE beam is scanned from the substrate onto the NW. Moving
towards the NW tip (right-hand side of Figure 4.20), the detected counts of Ga
and As decrease slightly, corresponding to a decrease in NW thickness.
Excluding this initial drop, the detected signal intensity is stable throughout the
remainder of the scan, until the NW tip is reached. Here, we note that the As
signal dramatically decreases, while the Ga signal is increased. This observation
is consistent with a growth mechanism whereby a Ga seed allows for the
assembly of a GaAs crystal, as previously discussed with reference to Figure 4.18.

It should be noted that the elemental counts of C are detected with uniform
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intensity along the NW on account of the presence of a protective C-based
envelope deposited during FIB sample preparation.

In addition to the analysis of orthogonal NWs, smaller island formations
present on removed lamellae were also investigated. An HAADF image of one
such formation is shown in Figure 4.21, distinguished as a region of bright
contrast. Elemental EDXS maps of Ga, As, C, and Au were obtained from the
corresponding region, as also shown in Figure 4.21. We note, here, that Ga is
uniformly detected throughout an area corresponding to the region of bright
contrast in the HAADF image. Similarly, C is detected throughout the formation,
as would be expected based on the aforementioned sample preparation procedure.
However, As counts are not observed within the entire structure. Rather, it is
clear that As counts are only detected from the region within the formation
situated closest to the substrate (left-hand side of Figure 4.21). This observation,
namely, the presence of both Ga and As at the base, while only the presence of Ga
detected towards the tip (right-hand side of Figure 4.21), leads to the conclusion
that a GaAs crystal has been formed through Ga-assisted, seeded growth, as in the
case of the NW and large polycrystalline island, considered above. As before, no
Au was detected in the regions mapped. Detection of Ga, in regions beyond the
extent of the crystal formation shown in the HAADF image, is attributed to Ga"

ion implantation during FIB processing.
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Figure 4.21 — HAADF image of crystalline formation on HOPG substrate (above),
appearing as region of bright contrast. The segment outlined with a white border
in the HAADF image represents the region from which elemental EDXS maps of
Ga, As, C, and Au (below) were obtained. The segments outlined with dashed
and dotted borders (above) show the GaAs crystal and Ga seed, respectively. The
scale bar associated with the HAADF image represents a 100 nm length.
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Upon concluding that the crystalline structures formed in the growth of
group A samples were, indeed, the products of Ga-seeded bottom-up assembly,
the question arises as to why the Au NPs deposited prior to growth were not
detected after growth. In response to this question we consider two possible
factors. One possible explanation is related to the use of DI water in the Au NP
drop-casting process. As DI water droplets exhibit poor wetting of pristine HOPG
surfaces, upon solvent evaporation, the Au NPs situated on the surfaces may have
been located in close proximity to one another. If the coalescence of
neighbouring NPs in close proximity, during pre-growth stage, allowed for the
formation of large Au clusters, the Au-seeded growth would be expected to
transpire at low formation rates. Assuming that Au-seeded growth rates were
significantly lower than the formation rate of Ga-seeded polycrystalline islands,
then the islands would conceivably engulf and bury the Au-seeded structures.
Another possible explanation assumes that Au NPs alloyed with the larger clusters
of Ga which, in turn, seeded the growth of GaAs structures. If Au-Ga alloys were
formed, with Au concentrations less than 0.1 at. %, then EDXS measurements
would fail to detect the Au content [138].

Based on the above structural and compositional analysis of group A
samples, the formation of GaAs NWs and islands is attributed to a Ga-assisted
growth mechanism, otherwise referred to as a self-catalytic growth process.
Recently, several reports have been presented on the formation of GaAs NWs

according to a Ga-seeded model [251-258]. The majority of these studies [253-
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258] have concluded that the presence of a silicon-based oxide layer, over the
growth surface, is essential for the growth of Ga-assisted GaAs NWs.
Foncubertta i Morral et al. have argued that in the presence of a sufficiently thin
Si0; layer, Ga adatoms preferentially accumulate in the defects of the oxide films,
such that liquid-phase Ga can react with solid-phase SiO,, forming a liquid-phase
Ga-Si eutectic alloy while liberating O, [255]. In this scenario, pinholes are
broadened within the oxide such that Ga-Si liquid alloys can physically extend to
the underlying substrate, accommodating epitaxial growth according to the VLS
model. Furthermore, it was concluded that in order for the Ga-based seeds to
extend to the substrate, the SiO, film thickness must be less than 30 nm. Mandl et
al. have, instead, put forth that the function of the oxide layer is to restrict the
mobility of the group III adatoms and inhibit the formation of large droplets
[257]. Also, the use of an SiOy layer, as opposed to the use of an SiO; layer, was
found to place negligible influence on NW growth {257].

In contrast to the above Ga-assisted growth processes utilizing an oxide
layer, Jabeen et al. [251] and Plissard et al. [252] have effectively demonstrated
that GaAs NWs, seeded from Ga particles, do not necessarily require a reaction
between Ga adatoms and an SiO; film, prior to the initiation of growth.
Particularly, in the case of the former study, the preferential formation of Ga
particles was attributed to substrate surface roughness and the reduced sticking
coefficient of Ga adatoms on foreign substrates, relative to As-terminated GaAs

substrates [251].
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Based on the above analysis of group A samples, and informed by the Ga-
assisted GaAs NW synthesis models presented in the related literature, several
new growth experiments were designed in order to better assess the nature of the
growth mechanism involved. In the fabrication of group B samples, the growth
period was reduced to 15 minutes, such that the earlier assembly stages of NWs
and polycrystalline islands could be more explicitly observed. Additionally, 5
different surface treatment methods were employed in the group B study, as
summarized in Table 4.2. First, sample B, was surface decorated with Au NPs,
drop-cast from an ethanol solution. Here, ethanol was used, rather than DI water,
on account of its superior wetting of the HOPG surface. Thus, the aim was to
limit Au NP coalescence and to proceed with growth based upon a post-annealing
treatment NP distribution more closely represented by the distribution shown in
Figure 4.16. Next, sample B, was simply surface treated with ethanol, so that any
possible role this solvent may play in the surface modification of HOPG could be
distinguished. In contrast to all other samples, sample B; was left untreated, after
the initial lateral cleavage process. In the case of sample B,, an SiO, layer of 30
nm thickness was deposited on the HOPG surface, through PE-CVD. The sample
was then subjected to a wet etching treatment in 10:1 buffered HF solution for 12
s. Based on ellipsometry measurements, the SiOy layer thickness was reduced to
10 £ 1 nm, after the etching process. Thus, sample B4 would allow for testing of
the oxide-mediated model for Ga-assisted GaAs NW growth [255]. Finally, the

HOPG substrates employed in group Bs samples were subjected to a 1 minute O,-
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RIE treatment for the intentional introduction of surface roughening. This sample
would then allow for confirmation of the oxide-free model based on surface
roughness promotion of Ga NP assembly, proposed by Jabeen et al. [251].

In Figure 4.22, a tilted-view SEM image of the as-grown group B; sample
is shown. Here, we see a more densely packed collection of randomly aligned
and vertically grown NWs. Upon closer inspection of the samples, as shown in
the magnified view within the inset of Figure 4.22, it is distinguished that two
dissimilar groups of NW structures were formed. First, a smaller collection of
rod-shaped, vertically oriented NWs are observed, indicated by the white arrows
in the inset, with no distinguishable particle of bright contrast at their tip. These
NWs are present with an areal density of 32 NWs/100 pm?. Second, a larger
collection of pencil-shaped, predominantly randomly aligned NWs are observed,
indicated by the yellow arrows in the inset, with Au particles of bright contrast
located at their tips. Based upon EDXS measurements, the presence of Au NPs,
at the tips of this second class of NWs, was confirmed. Furthermore, the diameter
of the Au NPs measured, corresponded to the range of diameters measured in the
post-annealing treatment study, as presented in Figure 4.16. Thus, it is likely that
the use of ethanol in the drop-casting process allowed for an enhancement of
average NP separation and, thereby, a reduction in coalescence. The Au-assisted
NWs were observed with an areal density of 184 NWs/100 um®.

The conclusions drawn, based on the detection of two distinct types of

NWs, is that those appearing in higher densities resulted from an Au-assisted
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Figure 4.22 — 45° tilted-view SEM image of an as-grown group B, sample. Inse
shows a higher magnification view of the same sample, indicating vertical, Ga-
assisted NWs and randomly aligned, Au-assisted NWs with white and yellow
arrows, respectively.

growth regime, while those appearing in lower densities likely resulted from the
same Ga-assisted mechanism that led to the growth of group A NWs. Although
the nature of the random alignment of Au-seeded NWs as compared to the vertical
alignment of Ga-seeded NWs requires further investigation, the discrepancy may
potentially be rooted in the dissimilar interactions of Au and Ga particles with
HOPG surfaces. It has been shown that while Ga is unreactive with respect to
HOPG surfaces, under the aforementioned annealing conditions, Au particles can

form pits beneath the surface [259]. Epitaxial growth from the facets revealed as
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Figure 4.23 — 45" tilted-view SEM images of as-grown (a) group B,, (b) group B3,
(c) group By, and (d) group Bs samples.

a result of pit formation may then result in the growth of misaligned NWs. In
future efforts, the presence of such sub-surface features could be investigated
through TEM and EDXS experiments.

Figure 4.23 shows representative tilted-view SEM images, obtained from
the other group B samples. The as-grown ethanol surface treated sample (group
B») is shown in Figure 4.23(a). Here, vertical NWs with no discernable particles
at their tips were observed to be grown with a density of 27 NWs/100 um®.
Structures of effectively identical morphology were grown, in the case of the

untreated (group Bs) samples, as shown Figure 4.23(b). The areal density of these
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NWs was measured as 31 NWs/100 pm?®. Thus, the use of ethanol in the pre-
growth surface treatment process altered the HOPG surface in no significant
manner. Next, the group B, sample, on which an SiO, layer was deposited prior
to growth, is shown in Figure 4.23(c). It is clear from the SEM image that vertical
NW growth is quenched, on account of the SiOy layer inhibiting epitaxial
guidance from the HOPG substrate. Possibly, the suitable formation of pinholes
accommodating the extension of the liquid-phase Ga seeds to the underlying
substrate was restricted under the growth conditions employed. The density of the
randomly aligned NWs observed in the case of the group B, samples was
measured to be 22 NWs/100 pm’®.  Finally, the as-grown surface of the
intentionally roughened sample (group Bs) is shown in Figure 4.23(d). Here, no
NW growth was established. The formation of surface defects likely prevented
the necessary surface diffusion of Ga adatoms needed for the formation of Ga
droplets. Instead, as the result of reduced Ga adatom mobility under an As,
overpressure, a polycrystalline GaAs film was formed.

The results from growths on the S distinct group B samples can be
summarized as follows: (1) a sparse distribution of Au-NPs leads to the growth of
randomly aligned NWs, (2) ethanol surface modification is of negligible influence
on NW growth, (3) Au plays no role in Ga-assisted NW formation, (4) pitted Ga-
assisted growth, based on the oxide layer mediated model of Fontcubertta i Morral
et al. [255], is eliminated as a potential model for growth on HOPG, and (5)

orthogonal NW growth is quenched with increasing surface disorder.
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Next, we focus on the growth of GaAs on samples initially coated with a
10 A thick layer of Ga, previously referred to as group C samples. Here, the pre-
Ga deposited HOPG surface was left untreated, as in the case of group B;
samples. The main intention in Ga deposition was the enhancement of Ga droplet
formation, similar to the method previously reported in Ref. [251]. Post-growth
SEM analysis of group C samples demonstrated the assembly of orthogonally
aligned GaAs NWs, with an areal density of 26 NWs/100 pm®. Therefore, the
deposition of a 10 A thick Ga film failed to promote localized Ga concentrations
in the form of Ga droplets, and no improvement in NW density was observed.
Figure 4.24(a) shows a tilted-view SEM image representative of the as-grown
group C samples.

In the last of the series of GaAs NW growths on HOPG substrates, the
growth temperature was increased from 550 °C, in previous growths, to 600 °C.
Here, the motivation for the temperature increase was two-fold: (1) the
enhancement of Ga surface diffusion, intended to promote Ga cluster formation
and, (2) the enhancement of As, desorption, intended to inhibit the surface
crystallization of GaAs and, thereby, improve the density of Ga droplets. As
shown in Figure 4.24(b), a 50 °C increase in growth temperature was insufficient
for the promotion of Ga droplet formation. As in previous growths, orthogonally

oriented, rod-shaped NWs were formed, characterized by a comparable areal

density of 22 NW/100 pm®.
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igure .2 45° tlted-vie ‘ mages of as-grown (a) group C and (b) group
D samples.

Upon completion of the series of GaAs NW growths on HOPG substrates,
the NW crystal structures were more closely examined, through SAD and HR-
TEM experiments. Figure 4.25(a) and (b) show SAD patterns obtained from the
base and midsection of a group A NW, respectively From the diffraction pattern
representative of the NW base, a predominantly zincblende structure is revealed,
whereas the pattern obtained from the midsection is characteristic of a
predominantly wurtzite structure. The additional spots and streaks observed in
the SAD patterns are attributed to reflections from rotationally twinned planes
[143, 165, 169] and stacking faults [131], respectively In the current study,
during the evolution of growth, a clear polytypic shift from zincblende at the base,
to wurtzite with lateral zincblende insertions at the midsection, to wurtzite at the
NW tip was observed. The same structural shift has previously been observed in

the Ga-assisted growth of GaAs NWs [251, 252, 258] While the observed poly-
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Figure 4.25 — SAD patterns obtained from the (a) base and (b) midsection of a
group A NW The white arrows indicate the growth direction.
typic shift has been explained by the preferential atomic layer assembly in the
hexagonal wurtzite configuration under reduced group III supersaturation levels in
Ref. [252], Krogstrup et al. have attributed the shift from zincblende to wurtzite to
temperature variations within the liquid seed during growth [258] Although the
nature of this structural shift is currently not unambiguously understood, a likely
explanation may be rooted in the change in Ga supersaturation during growth,
owing to disproportional Ga replenishment within the seed. This explanation
would be in agreement with the results presented in Chapter 3, on the defect-free
growth of GaAsP and GaP NW segments under high group V supersaturation
levels.

At this point, a question remains: If NW growth is seeded from a Ga
nanoparticle, why then is the presence of a Ga seed at the NW tips not clearly
observed after the growth of group B, C, and D samples, as expected based on the

standard VLS model for Au-assisted growth? The justification for the lack of an
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observed Ga seed at the NW tips is rooted in the manner in which the NW growth
sequence is terminated. All NW growths discussed, thus far, were terminated by
closing the shutter of the Ga effusion cell while the samples cooled under a
constant overpressure of As;. In the case of Au-assisted growths, the Ga content
present in the seed is purged and incorporated in the NW structure as a result of
crystallization with excess group V adatoms. In the case of Ga-assisted growth,
upon growth termination, the Ga content, in excess of the concentration required
to maintain a supersaturated solution, is similarly incorporated into the crystal.
However, at this point, since Ga in the seed is no longer being replenished, the
remaining Ga content, which simply constitutes the liquid seed, is consﬁmed and
crystallized as GaAs. Thus, no droplet is observed after growth.

Figure 4.26 shows an HR-TEM image of the tip of a NW grown under
identical conditions as the group D samples. Here, three distinct regions are
differentiated. Towards the bottom left-hand side of Figure 4.26, indicated by the
blue arrow, a wurtzite stacking arrangement is noted. Based on the above
discussion, the observed hexagonal crystal structure is expected, corresponding to
the final stages of growth. Next, in a region defined as the “cooling neck”, and
indicated by a red arrow, a clear shift to a cubic zincblende arrangement is seen.
The presence of a zincblende neck segment has previously been characterized as a
region formed after the cessation of growth, sustained by the purging of excess Ga
content [108, 110]. Finally, in the region indicated by the black arrow, and

labelled as the GaAs tip, we note the presence of a rotational twin-plane, followed
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Growth Direction

Figure 4.26 — HR-TEM image of the tip of a single NW, grown under identical
conditions as the group D sample. A hexagonal wurtzite (WZ) structure is
characteristic of the NW region below the tip. A zincblende (Zb) cooling neck is
formed next, indicative of excess Ga being purged from the seed. Finally, the Zb
GaAs tip is formed as the Ga seed is consumed under an As; flux.

by the presence of a cubic zincblende segment, believed to be formed through the
consumption of the Ga seed under an As, overpressure, during the cooling phase.
The growth of Ga-seeded GaAs NWs, terminated under conditions similar to

those employed in the current study, has been shown to result in the formation of

NWs with identical tip structures [252].
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The detection of excess Ga present at the tip of the NW shown in Figure
4.20 (with diameter of 85 nm), while absent at the tip of the NW shown in Figure
4.26 (with diameter of 35 nm), can be explained by the difference in the volume
of the seed particles. Assuming similar crystallization rates, a larger Ga particle
simply requires a longer period in which it can be crystallized as GaAs, after the
termination of growth. In the case of the larger NW, associated with a Ga seed of
greater diameter (shown in Figure 4.20), the group V flux was likely terminated
prior to full GaAs crystallization of the tip. In contrast, during a cooling period of
equivalent duration, the sufficiently small Ga seed at the tip of the thinner NW
(shown in Figure 4.26) was fully consumed under the As; flux.

Based on the four growths of GaAs NWs on HOPG substrates and the
corresponding structural characterizations, a qualitative growth model is put forth,
as portrayed pictorially in Figure 4.27. First, we assume near unity sticking
coefficients for Ga adatoms on the HOPG substrate, while the sticking coefficient
of As; is below unity on the non-Ga terminated surface [121]. Since Ga monomer
diffusion lengths exceed that of the As, dimers, a finite probability exist for the
formation of Ga islands, as depicted in Figure 4.27(a). In localized regions where
the V/III flux ratio is less than unity, on account of As; desorption, Ga nuclei will
grow to form liquid droplets, as represented in Figure 4.27(b). The low
probability for the formation of such Ga clusters explains the low density of the
NWs formed. Upon its formation, a Ga cluster collects additional Ga monomers

and As; dimers through direct impingement or surface diffusion, mediating the
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HOPG Substrate
(a)

As,

(¢) (d)

Figure 4.27 — Model for the Ga-assisted growth of GaAs NWs on HOPG
substrates. (a) Impingement of group III monomers and group V dimers on the
HOPG surface, followed by the localized collection of Ga monomers. (b)
Growth of Ga seeds in regions where local V/III ratios are less than unity. (c)
Supersaturation of Ga seed and nucleation of GaAs. GaAs NW growth is
maintained, so long as Ga content is replenished at a rate exceeding the
consumption rate of the Ga seed. (d) Termination of growth, consumption of
liquid seed, and crystallization of GaAs at NW tip.

precipitation of GaAs nuclei at the interface formed with the substrate. So long as
the Ga content is continually replenished through the constant collection of
monomers, then the Ga seed is maintained and NW growth transpires. This is

depicted in Figure 4.27(c). Upon termination of the group III source, the Ga
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content comprising the seed is consumed under the constant As; overpressure,
leading to the crystallization of GaAs at the NW tip, as represented by Figure
4.27(d).

Lastly, one final growth on HOPG surfaces was conducted. In this group
E growth, InAs was grown instead of GaAs, in order to examine the potential for
In-assisted growth according to a mechanism similar to that defined in the above
model. Group E samples were grown at 400 °C, a standard criteria for InAs NW
growth via MBE [250]. Two groups of laterally cleaved HOPG samples were
subjected to distinct pre-growth surface treatment processes. Group E; samples
were prepared in an identical manner as the group B, samples. As such, 25 nm
Au NPs were drop-cast on the surface from a solution in ethanol. The purpose
here was to determine the potential for growth of Au-assisted vertically aligned
NWs on HOPG. Group E; samples, in contrast were left untreated.

A tilted-view SEM image representative of the group E; samples is shown
in Figure 4.28. Here, two dissimilar structures are distinguished. First, we note
the presence of randomly aligned NWs, as indicated by the yellow arrows in the
inset. Secondly, the presence of randomly aligned “nano-flakes”, as indicated by
the black arrows in the inset, was observed. Au-NPs were indeed distinguished at
the tips of both nanostructures, as observed through SEM (BSE imaging mode)
and through TEM characterization (discussed below).

The nano-flake structures are noted to be tapered along their growth

direction. Their morphology is characterized by a lateral cross-section that is
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F-iure 428 — 45° tiledview EM image -grown grup E, mple. F-Inst»
shows a higher magnification view of the sample wherein NW and “nano-flake”
structures are indicated by yellow and black arrows, respectively.
localized to the extent of the Au-NP at their tips, along one axis, while extended
along the other axis, creating a planar or triangular plate-like geometry. As
measured from the bases, these structure have widths of several hundreds of
nanometres, depths of tens of nanometres, and heights up to 3 microns. The tilted
and plan-view SEM images shown in Figure 4.29 better exemplify the nano-flake
morphology. Particularly, the rectangular cross-section of the nano-flakes is
easily distinguished in Figure 4.29(b).

HR-TEM analysis of single NWs and nano-flakes grown on the group E,

samples demonstrated a cubic zincblende structure with no intermittent stacking
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Figure 4.29 — (a) Tilted-v and (b) plan-view SEM image of Au-seeded InAs
nano-flake structures grown on HOPG substrates.
faults. A representative HR-TEM image of a nano-flake tip is shown in Figure
4.30. The insets of Figure 4.30 show an SAD pattern from the same nano-flake,
characteristic of a stacking fault-free zincblende crystal, and a highly magnified
and lattice resolved HR-TEM image of the structure’s tip, demonstrating the
ABCABC. atomic layer stacking arrangement and abrupt interface formed
between the InAs crystal and Au tip. The InAs NWs were observed to be grown
along the <111> direction, whereas nano-flakes were observed to grow parallel to
the <100> direction of the crystal lattice, as identified in the indexed SAD pattern.
The Au-assisted growth of similar plate-like InAs nanostructures on GaAs
substrates via MBE was first demonstrated by Aagesen et al. in 2007 [260] In
this study, Au films were deposited on GaAs (100) substrates for the formation of

Au-NPs, accommodating growth at a temperature of 420 °C. The model suggested
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Figure 4.30 — HR-TEM image of single nano-flake structure. The inset in the top
right-hand side shows an SAD pattern obtained from the nano-flake,
demonstrating the single-phase zincblende structure and growth along the <100>
direction, as indicated by the white arrow. The inset in the bottom left shows the
characteristic cubic atomic stacking structure and the atomically abrupt interface
formed between the InAs NW and the Au NP.

by Aagesen et al., for the growth of InAs nano-flakes, assumes the nucleation and
initial formation of an InAs NW, according to either a VLS or VSS mechanism,
growing along the <100> direction and having a squared cross-section with {110}

sidewall facets. As growth continues, sidewall nucleation commences,

progressing at a higher assembly rate on two of the four {110} oriented sidewalls,
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attributed to a higher growth rate on As-terminated surfaces [261]. Thus, during
growth, the nano-flake height increases as a result of Au-assisted axial growth,
while preferential sidewall nucleation on two of four lateral facets encourages the
formation of a plate-like structure.

In contrast, the group E; samples (those with no surface treatment prior to
growth) demonstrated no NW formation. SEM and EDXS characterization
revealed the presence of a two-dimensional InAs film on the HOPG surface of the
as-grown group E, samples. Based on analysis of the peripheral regions of the
sample, it was concluded that preferential island nucleation was first initiated at
the step-edges on the HOPG surface. As adatom deposition progressed, a step-
flow growth regime ensued, leading to the formation of polycrystalline InAs film.
Thus, no In-assisted NW growth was observed in the studies involving group E,
or E; samples.

In conclusion, the GS-MBE growth of GaAs and InAs NWs on HOPG
substrates was investigated. The initial intention was the realization of Au-
assisted, densely packed, and vertically oriented crystal growth, and the
demonstration of the potential for growth of GaAs NWs on graphene-composite
films. This, however, proved to be a challenging endeavour. Instead, it was
found that GaAs NWs can be fabricated through a self-catalytic growth
mechanism, relying upon the formation of Ga clusters. The resultant NWs were
sparsely situated amongst a large density of polycrystalline GaAs islands,

indicating that a low probability exists for the formation of Ga droplets, under the
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growth conditions employed. Various surface treatment processes were carried
out prior to growth, allowing for the elimination of Au-Ga alloy assisted growth,
oxide-layer mediated Ga-assisted growth, and surface roughness Ga-formation
growth models. Instead, a qualitative model was presented based on the finite
probability of Ga-cluster formation in regions where the local V/III flux ratio is
less than unity. NW growth proceeds, according to this model, so long as the Ga
content in the seed is replenished at a rate greater than or equal to the rate at
which it is consumed.

Future attempts to optimize NW density, morphology, and crystalline
quality based on the above Ga-assisted growth model will benefit from a more
expansive study, wherein numerous growths are conducted under various V/III
flux ratios, nominal growth rates, and temperatures. Furthermore, it may likely
prove favourable to repeat the growth process employed in the case of group C

samples, using Ga layer thicknesses in excess of 10 A.
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4.7 — Chapter Conclusions

The assembly of GaAs NWs on a variety of foreign substrates has been
investigated, including single crystalline Si wafers, stainless-steel foils,
borosilicate glass with polycrystalline Si buffer layers, carbon-nanotube
composite films, and highly-ordered pyrolytic graphite substrates. Of the five
alternatives presented, all but HOPG substrates accommodated dense NW growth.
Stainless-steel foils and CNT sheets, in comparison to the other substrates
explored, offer the advantage of additional functionality, with respect to potential
device applications, in the form of mechanical flexibility. Furthermore, since the
growth of GaAs NWs, according to the standard VLS mechanism, was
controllably and reproducibly demonstrated on both flexible substrates, and since
both materials are electrically conductive, meaning that additional back-side
contacting is eliminated as part of the device fabrication process, metal foils and
CNT composite films are chosen as the most suitable alternatives for device
applications. However, control over the thickness of CNT films also offers the
potential for them to be made optically transparent, allowing for added
functionality (for example, through the fabrication of superstrate configuration
solar cells). Moreover, the integration of CNT composite films and GaAs NWs
represents a novel class of flexible opto-electronic material. Based on the above
justifications, the GaAs NW-CNT film hybrid material is used in the fabrication

of proof-of-concept flexible solar cells, as presented in the following chapter.
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Chapter 5

Fabrication and Performance of GaAs

NW-CNT Composite Film Hybrid
Photovoltaic Cells

The preliminary studies on the growth and characterization of GaAs
nanowires (NWs) on carbon-nanotube (CNT) composite films, presented in
Section 4.5, is extended in the current chapter for the fabrication of photovoltaic
cells. The purpose of this study is the demonstration of photovoltaic behaviour
from the nano-hybrid material, wherein coaxial p-n junction GaAs NWs serve as
the active, light-harvesting medium, while CNT films simultaneously function as
a flexible substrate and the electrical contact for the emitter layer of the solar cell.

The research presented in the current chapter represents a collaborative
effort. Dr. Gregor Lawson, under the supervision of Dr. Alex Adronov
(Department of Chemistry), was primarily responsible for the fabrication of Au-
decorated CNT films and the corresponding characterization experiments. The
author was responsible for NW growth, characterization of the as-grown NW
samples, device fabrication, and solar cell testing. This chapter is presented here

as recently accepted for publication in Ref. [120].
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5.1 — Experimental Details

The Au nanoparticles (NPs) used in the current study were prepared
according to the well established Turkevich method [247, 248], resulting in near-
monodisperse particle distributions. Deposition of Au NPs was achieved by
filtration of a dilute NP solution through a thin film of unmodified single-walled
CNTs, prepared by a vacuum filtration process [224]. Thin films comprised of
CNTs, such as those prepared in this work, resemble a random finely-
interpenetrating network of nanotube bundles.

In the current study, an alternative method for the preparation of Au-
decorated CNT films was employed, offering several advantages over the method
defined in Section 4.5. In contrast to the previously reported in-situ reduction
method, which can significantly degrade the electrical conductivity of the CNTs
[262], the use of un-functionalized CNTs in the current procedure, is expected not
to comprise their structure and electronic properties during film fabrication. As
the modified approach requires fewer synthetic steps, the time required for the
preparation of each composite film is greatly reduced. Additionally, the current
procedure allows for fine control over the size and polydispersity of Au NPs
deposited on the surface of the CNT composite films.

Following fabrication, composite films were cut into small sections having
dimensions of approximately 5 x 10 mm?, removed from the filtration membranes

and transferred, Au NP side up, to copper substrates. Copper was arbitrarily
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chosen as a rigid, conductive, and gas-source molecular beam epitaxy (GS-MBE)
compatible support material to which the CNT films could easily be transferred
for subsequent NW growth or later removed. These samples were then thermally
annealed at 550 °C for 10 minutes in nitrogen ambient, ensuring the removal of
volatile organic matter which could potentially contaminate the MBE chamber
during NW growth.

The GS-MBE system used for NW growths was equipped with a solid
elemental effusion cell, for the supply of Ga monomers, and a hydride (AsH3) gas
cracker operating at 950 °C, for the supply of As, dimers. Prior to the
commencement of the growth sequence, a degas procedure (15 minutes, 300 °C)
was performed, followed by an inductively coupled hydrogen plasma treatment
(10 minutes, 550 °C), under an As, overpressure. At a growth temperature of 550
°C, NW growth was instigated by opening the shutter of the Ga cell. All growths
were kept at a constant V/III flux ratio of 1.5 and nominal GaAs growth rate of 1
um/hr. Upon the completion of growth, prompted by the termination of Ga flux,
the samples were cooled under an As, overpressure.

For the purposes of investigations presented in this work, two NW groups
were grown on CNT composite sheets, henceforth referred to as groups A and B.
Group A NWs were designed to contain a p-n junction within a coaxial
architecture, based upon diffusion-limited nucleation on the lateral NW facets,
wherein an n-GaAs core segment was doped with Te, while a p-GaAs shell was

doped with Be. Each segment of the group A NWs was grown for a duration of 15
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minutes, resulting in a total growth period of 30 minutes. Group B NWs, in
contrast, were entirely n-type doped with Te, also over a growth period of 30
minutes, yielding n-GaAs NWs. Nominal dopant concentrations were maintained
at 4 x 10'® cm™ and 5 x 10'® cm™, for Te and Be levels, respectively, based upon
previous calibrations of epitaxial films on GaAs (100) substrates. The group A
NWs were primarily used to assess the photovoltaic potential of such NW-CNT
hybrid materials, while the group B NWs were employed in investigations into the
nature of the photovoltaic response and the conduction pathways between the
NWs and their underlying CNT substrates.

Additionally, a third growth was carried out, referred to as group C,
wherein a planar p-n junction was incorporated into a thin film deposited upon a
CNT composite film containing no Au-nanoparticles. This control sample was
grown with the intention of mimicking the structure of the planar GaAs film
deposited during the growth, and situated adjacent to the bases, of the group A
and B nanowires. The group C samples were prepared consisting of a 150 nm
thick Be-doped GaAs layer overlaying a 150 nm thick Te-doped GaAs layer.
Identical CNT film processing (surface decoration of Au-nanoparticles,
notwithstanding) and GS-MBE growth parameters including temperature,
nominal growth rate, III/'V flux ratio, and nominal doping concentration were
employed during thin film depositions and NW growths. Thus, the GaAs film of
sample C was designed to duplicate the properties of the planar film concurrently

deposited during NW growth.
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To prevent potential short circuit pathways between top contacts and the
bottom CNT electrode, a previously reported processing method was employed
[54, 119]. Starting with as-grown samples, SiOy layers, approximately 1300 A in
thickness, were deposited through plasma-enhanced chemical vapour deposition
(PE-CVD), to conformally coat the NWs (and the exposed surface of the GaAs
films deposited between the NWs) atop the CNT substrate. Subsequent spin-
coating of S-1808 photoresist was carried out to encapsulate the oxidized NWs
and GaAs film. Next, an O,-plasma reactive ion etching (RIE) treatment (60
seconds) allowed for the removal of a thin photoresist film, thereby exposing the
tips of the oxidized NWs.

The oxidized tips were then chemically etched in a buffered-hydrofluoric
acid solution and the remaining photoresist layer was removed in an acetone bath
removal procedure. At this stage, the NW bases and adjacently situated GaAs film
remained encapsulated by the previously deposited SiOy layer, while NW tips
were exposed as the sole semiconductor surface upon which electrical contacts
could be deposited.

Two different conductive materials were employed as top contact layers in
the present study. For experiments aimed towards investigations into photovoltaic
behaviour, a 10000 A thick transparent conductive film of indium-tin-oxide (ITO)
was deposited via sputter coating, corresponding to a thickness of roughly 200 nm
over the NWs. For direct comparison of the conductive behaviour of group A and

B NWs, where optimal Ohmic contacts are required, opaque contacts were
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deposited on the processed samples. In this case, the commonly used Ti/Pt/Au and
Ni/Ge/Au layers were deposited on group A and B samples, respectively, via
electron-beam evaporation. In all cases, the depositions were made through
shadow masks allowing for contact dots roughly 800 pm in diameter. Inspection
of plan-view scanning electron microscopy (SEM) images indicated that each
contact dot yielded the ensemble contribution of approximately 1.5 x 10°
individual NWs. After the deposition of ITO or opaque contacts, the samples were
subjected to a rapid thermal annealing (RTA) treatment (30 seconds, 400 °C) for
Ohmic contact formation.

SEM imaging was performed during pre-growth inspection of Au-
decorated CNT films, during analysis of the orientation and morphology of as-
grown NWs, and during each stage of the device fabrication procedure. The SEM
imaging was performed using a JEOL JSM-7000F SEM, equipped with a
Schottky-type field emission gun filament. In addition, inspection of the CNT
films were performed by focused ion beam (FIB) cross-sectioning using a Zeiss
SMT NVision40 SII CrossBeam instrument.

The current-voltage characteristics of the various samples were evaluated
using a Keithley 2400 source meter. A Newport 96000 solar simulator with an
AM. 1.5 G filter yielding an incident power of roughly 2.6 Suns was used as the
illumination source in measuring photovoltaic response. Conversion efficiencies

and fill factors were calculated according to standard techniques [263].
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5.2 — Results and Discussion

Planar SEM images of CNT-Au composite film samples obtained before
and after a thermal annealing treatment are shown in Figure 5.1(a) and (b),
respectively. Prior to the thermal anneal, Au NPs with average diameters of 30 +
5 nm were observed. This value increased to 38 + 6 nm following the annealing
procedure, as a result of the migration and coalescence of a small fraction of Au
NPs at elevated temperatures. However, it can be seen, from the SEM images in
Figure 5.1 that large scale aggregation of Au nanoparticles does not occur during
this process. The density of Au NPs upon the surface of annealed composite
films, which was also determined using SEM, ranged between 20 and 86
nanoparticles per 1 pm’, with an average density of 50 nanoparticles per 1 pm’.

Cross-sectional images of these films were obtained after focused ion
beam (FIB) milling. A trench cut within a CNT-Au composite film, which has
not undergone thermal annealing, is shown in Figure 5.1(c). In this secondary
electron image, Au nanoparticles are observed to be located predominantly upon
the film’s surface. Some Au NPs can also be seen in low density within the
structure of the CNT film. The presence of Au NPs within the film is not
unexpected, given the film’s porous microstructure and the dimensions of Au NPs
used in this work. In addition to Au nanoparticles, clusters of iron were also
detected, embedded within the nanotube film. These clusters, which appear as

regions of bright contrast in Figure 5.1(c) and (d) having dimensions on the scale
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Figure 5.1 — Plan-view SEM images of a Au-decorated CNT film, (a) before and
(b) after a thermal annealing treatment, and tilted-view SEM images of trenches
milled within Au-decorated CNT films (c) before and (d) after the same annealing
procedure.
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of 10s to 100s of nanometres, are impurities present in the commercially-
purchased nanotube sample used in this work (Fe catalyst from single-walled
CNT synthesis). Figure 1(d) illustrates a similar trench produced by FIB milling
of a post-annealing treatment sample. From these images it was determined that
the distribution of Au NPs throughout our CNT-Au composite films is not
significantly altered by the annealing process.

SEM images of group A NWs, shown in Figure 5.2, showed dense NW
growth with no preferred NW orientation (similar results were obtained from
group B NWs). The random alignment of NWs relative to the substrate surface
was previously attributed, in Section 4.5, to the random manner in which CNT
bundles comprising the underlying film are situated. As determined from sample
sets of over 100 single specimens, the NWs have an average full-width at half-
length diameter of roughly 100 nm and heights up to 3.5 um. The highly tapered
morphology is a trademark of diffusion limited sidewall growth and is anticipated
for GS-MBE growths under the growth conditions employed [95].

As outlined in the previous section, solar cell fabrication was carried out
through a process designed to effectively exploit NWs as the active, energy
conversion medium. A schematic representation of the final device structure,
showing a single NW for clarity, is depicted in Figure 5.3. In light of recent
reports on the inhomogeneity of dopant profiles in semiconductor NWs [264, 265]
and the anticipated incongruity in dopant incorporation between the (100) surface

of the doping calibration sample and the (111) surfaces of the nanowires, the
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Figure 5.2 — (a) 45° tilted-view and (b) cross-sectional view SEM images of as-
grown group A NW samples. Densely packed NWs are grown at various
orientations with a highly tapered morphology Similar results were obtained
from group B NW samples.
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Au Nanoparticle
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GaAs:Be Laver

GaAs:Te Laver

SWNT Film
Cu Mount

Figure 5.3 — Schematic representation of group A NW solar cell, showing biasing
conditions. The NW bases and planar GaAs film are electrically isolated from the
ITO top contact. The CNT substrate simultaneously serves as the growth surface
and backside contact.

degree of uniformity in the dopant distributions within the samples discussed here
remains a matter of further scrutiny. Nonetheless, a clear distinction can be made
between group A NWs (those containing a p-n junction in a core-shell
homostructure) and group B NWs (those intentionally highly n-doped).

Upon fabrication, the photovoltaic response of the NW solar cells was
measured. Figure 5.4 shows the fourth quadrant current-voltage characteristics of
an ensemble of ITO contacted group A NWs, under dark (black, circular data
points) and 2.6 Sun illumination (red, square data points) conditions. A clear
photovoltaic response is evident, attributed to the sum contribution of all
contacted NWs in the contact area. Although varying efficiency values were
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Figure 5.4 — Current-voltage characteristics of group A NWs, with ITO top
contacts, under dark (black circles) and 2.6 Sun illumination (red squares)
conditions. Group B NWs demonstrated no such photo-response.

measured from different contact dots, likely due to different numbers of NWs
contacted by each dot and small growth temperature variances across the sample
leading to slightly dissimilar NW structures, each contact dot exhibited
reproducible efficiencies. The optimal efficiency curve, shown in Figure 5.4, was
characterized by a short circuit current, Isc = 43.1 pA (equivalently, Jsc = 8.57
mA/cm? for the 800 um diameter contact dot), an open circuit voltage, Voc =
0.32 V, a maximum power, P, = 42.3 uW, a fill factor of 30.8%, and a

maximum conversion efficiency of 0.32%. No such conversion response was

evident in group B NWs (n-doped NWs) contacted with the transparent
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conductive oxide layer, indicating that the PV effect was due to the p-n junctions
in group A NWs.

In comparison, previously reported ensemble contacted NW-based solar
cells [51-54, 57, 266] have demonstrated maximum measured conversion
efficiencies ranging between 0.1% to 4.5%. For example, coaxial p-n Si nanowire
cells grown by the vapour-liquid-solid (VLS) process gave an efficiency of 0.1%
on stainless steel substrates [52]. Si nanowire cells on glass substrates formed by
wet electroless etching yielded efficiencies of 4.4% [266]. Coaxial p-n Si
nanowire cells grown by the vapour-liquid-solid (VLS) process gave an efficiency
of <1% on Si substrates [53]. An efficiency of 0.1% was reported for VLS-grown
Si nanowires on multi-crystalline Si thin films on glass [51]. A single GaAs
nanowire cell was recently reported with an efficiency of 4.5% [57]. The design
most comparable to that of the current study is detailed in Ref. [54], where a
photovoltaic effect was measured from vertically oriented GaAs NWs grown on
n-GaAs (111)B substrates with a photo-conversion efficiency of 0.83%.

The lower efficiency values achieved on our CNT films, in comparison to
the vertically oriented NWs, may be attributed to two main features. First, growth
on CNT films results in NWs grown at a variety of dissimilar angles with respect
to the film surface. During the contacting procedure, NWs oriented at more acute
angles relative to the CNT film are likely to remain encapsulated by the
photoresist layer used during the device processing. Consequently, only the NWs

grown at relatively large angles to the substrate will be contacted, meaning that
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only an undetermined fraction of all NWs will have conductive pathways
allowing for their photo-generated holes to be collected. Thus, the total
contribution towards the quoted conversion efficiency is not necessarily a
reflection of all NWs in the ensemble, but rather only the ones in contact with the
ITO film.

Based on the analysis presented in Section 4.5, it is believed that an
intimate, atomically abrupt interface exists between the carbon-nanotube film and
overlaying GaAs NWs. The distinct Au-nanoparticle decoration technique used in
the present study is not expected to dramatically alter the atomic nature of the
NW/CNT interface. However, in view of the fact that the CNT film in the present
study not only serves as the substrate, but also the electrical contact for the emitter
layer of the solar cell, the conduction pathway at this junction requires further
consideration. In fact, the second factor contributing to the noted efficiency
degradation is the additional series resistance as a result of a barrier at the n-
GaAs/CNT interface. Figure 5.5(a) shows a one-dimensional band diagram, with
respect to axial distance along a single group A NW, assuming a NW length of 2
um, and derived using a CNT film work-function of 4.5 eV [267]. The band
diagram was calculated using a one-dimensional Poisson-Schrodinger equation
solver, based upon a finite-difference method, and is described in Ref. [268].
Here, the p-type GaAs segment is shown on the left side, the n-type GaAs
segment in the middle, and the CNT substrate on the right. Conduction band and

valence band energies are depicted by black and red lines, respectively, while the
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Figure 5.5 — (a) One-dimensional energy band diagram as a function of axial
position along a single, 2 pm long, group A NW. The p-type segment, n-type
segment, and CNT film are shown from left to right. Black and red lines denote
the conduction and valence bands, respectively. The solid lines represent the
band energies according to nominal doping levels quoted in the manuscript, while
the dashed lines represent energies at a reduced dopant concentration of 1 x 10"

cm™. The solid blue line represents the Fermi energy, Er. (b) Magnified view of
(a) at the n-GaAs/CNT interface, showing the presence of a small energy barrier.
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Fermi level is shown as a solid blue line. The solid lines represent the band
structure anticipated from layers with the nominal doping concentrations,
discussed previously. The dotted lines, on the other hand represent the energy
bands that would result from acceptor and donor concentrations of 1 x 10" cm™.
This doping concentration is over one order of magnitude less than the quoted
nominal level, and is shown as an expected lower limit of dopant incorporation
within the nanowire core, according to Perea et al. [264]. Figure 5.5(b) shows a
magnified view of the energy barrier present at the n-GaAs/CNT interface. The
collection of photo-generated electrons is, therefore, preceded by either carrier
tunneling from the n-GaAs NW segment to the underlying CNT film or by
thermionic emission, dependent upon the concentration of dopants incorporated
within the NW bulk.

It was previously shown, in Section 4.5, that the current-voltage
characteristics of a collection of group A-type NWs exhibited asymmetric
rectifications, and this diode-type behaviour was attributed directly to the p-n
junctions incorporated within the NW structures. Characterization of electrical
junctions within composite films has subsequently been conducted to determine
the electrical quality of the junctions and whether ideal current flow is inhibited
by Schottky effects at the interfaces. In Figure 5.6, the current-voltage
characteristics of group A and B NWs, contacted by opaque contacts, are
compared. As seen here, the present study shows a similar current rectification

from the group A NWs, while group B NWs exhibit a linear behaviour over the
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Figure 5.6 — Comparison of current-voltage characteristics of group A (black
curve) and group B (red line) NWs, contacted with opaque Ti/Pt/Au and

Ni/Ge/Au layers, respectively. Rectification is exhibited by the p-n junction NWs
while Ohmic behaviour is exhibited by the heavily n-doped NWs.

same voltage range. Similarly, group B NWs contacted with ITO also exhibited
linear current-voltage characteristics. We present this distinguishing feature
(rectifying behaviour of p-n junction NWs in sample A versus Ohmic behaviour
of n-doped NWs in sample B) as the defining trademark of the desired dopant
activation in our NWs, and evidence that the diode-type response previously
presented is not merely a manifestation of Schottky barriers at the n-GaAs/CNT
interface. The low forward bias currents evident in the group A curve may be
attributed to the partial depletion of the NWs. Furthermore, the aforementioned

doping levels and NW density under each contact dot should exhibit resistance
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values on the order of tens of milli-Ohms, while the measured resistance is on the
order of one hundred Ohms. This discrepancy may be ascribed to contact
resistances suffered during the measurement process, as well as the effect of the
GaAs/CNT interface.

The influence of the planar GaAs layer, deposited alongside the NWs,
upon the observed photovoltaic effect was also studied. As a lateral p-n junction
exists in this layer, it is important to distinguish whether this element contributes
to the measured conversion efficiency. To this end, the group C control samples
were prepared with total film thickness chosen to mimic the average thickness of
the planar GaAs layer in group A NW samples, as determined through cross-
sectional transmission electron microscopy analysis. This film was subsequently
contacted with ITO dots, equal to the thickness of that situated atop the processed
group A NWs (as revealed through SEM inspection), such that optical absorption
would be comparable between the control and test samples. Under the illuminated
solar cell testing conditions described above, the group C control sample
reproducibly exhibited an open circuit voltage of Ve <25 uV and a short circuit
current of Isc < 20 nA, from all contact dots tested, representing negligible
photovoltaic behaviour. The lack of a photovoltaic response in the control sample
is chiefly attributed to a high concentration of grain boundaries in the
polycrystalline GaAs film, which act as sites for the recombination of any photo-

generated electron-hole pairs. Thus, the planar GaAs layer makes no photovoltaic
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Figure 5.7 — Measured conversion efficiency as a function of device flexure at
various bend radii (curvature increasing from right to left). A 25% decrease in
efficiency is observed at a radius of 12.5 mm. Additional bending beyond this
point results in device failure.
contribution and the energy conversion efficiency observed in group A samples
can be attributed to the p-n junction NWs grown atop the CNT composite films.
Similarly, the potential for photocurrent generation resulting from a
Schottky contact at the ITO/p-GaAs NW interface is not expected. Havard et al.
[269] have shown that, under the annealing conditions employed in this study,
Ohmic behaviour is anticipated at the ITO/p-GaAs NW interface. Furthermore,
based on the work functions of ITO (4.6 — 5 eV) and p-GaAs (~5.5 eV), the

current flow anticipated from a Schottky ITO/p-GaAs interface would occur in a

direction opposite to the observed current flow as expected from the NW.
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Figure 5.8 - SEM image of sample curved beyond the critical radius of failure.
The white, dotted line indicates the fracture plane where the GaAs NWs are
separated from the CNT substrate.

A final point of added interest is the degree of flexibility and operable
range of the group A NW solar cells. The conversion efficiency of the fabricated
devices was measured while being subjected to mechanical bending at various
radii of curvature. Figure 5.7 plots measured efficiency as a function of bend

radius between 82.5 mm and 5 mm, for 4 particular contact dots. As the curvature

of the devices increased (from right to left in Figure 5.7), it was noted that
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conversion efficiencies were stable to a bend radius of 30 mm. Increasing
curvature, to a bend radius of 12.5 mm, resulted in the degradation of efficiency
by approximately 25%. Further flexure beyond this point led to the onset of full
device failure. Based on SEM analysis of samples intentionally curved past the
critical radius of failure, exemplified by the tilted-view SEM image shown in
Figure 5.8, we attribute the breakdown mechanism to fracture of the
polycrystalline GaAs film and its detachment, along with the NWs, from the
conductive substrate. Thus, beyond the critical curvature, the photo-generated

carriers are no longer effectively collected.
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5.3 — Chapter Conclusions

In this chapter, a modified regime for the fabrication of Au nanoparticle-
decorated CNT composite films has been presented, requiring no covalent
functionalization of the CNTs. Coaxial p-n junction GaAs NWs were grown upon
these flexible, conductive substrates and subsequently employed in the fabrication
of photovoltaic cells. Thus, the light-harvesting potential of GaAs NWs on
flexible CNT films has been demonstrated. The devices demonstrate photovoltaic
behaviour under flexure, up to a bend radius of 12.5 mm. Further curvature leads
to failure due to mechanical fracture and detachment of the GaAs film situated
between the NWs. This approach may be employed for fabrication of NWs
composed of a variety of material groups and of more complex core-shell

geometries, suitable for flexible display and sensing applications.
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Chapter 6

Conclusions and Future Work

6.1 — Summary and Conclusions

The growth of coaxial nanowires (NWs), composed of binary and ternary
ITI-V compound semiconductor alloys, on foreign substrates has been the focus of
the investigations presented in this thesis. The structural, optical, and electrical
properties of the resultant NWs were explored and related to the underlying
mechanisms that define the vapour-liquid-solid (VLS) growth model. The
objective of this research was two-fold: First, to demonstrate control over the
morphology and crystal structure of core-shell heterostructured NWs and to
characterize the dependence of their properties upon their architecture and,
second, to identify a suitable foreign substrate for the fabrication of flexible, NW-
based opto-electronic devices.

In Chapter 3, extensive structural characterization of core-multishell
GaP/GaAsP/GaP NW heterostructures, based primarily on analytical TEM
techniques, was initially presented. @ Through a cylindrical approximation
approach, the composition of the ternary compound segment was defined. The

presence of stacking faults in the crystalline matrix of single NWs was directly
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visualized and described as zincblende lateral insertions in an otherwise wurtzite
crystal.

Next, the same material system combination was employed for the
extension of this work, in the growth of coaxial GaP/GaAsP superlattice
heterostructured NWs. A particularly significant observation was that the
formation of stacking faults was effectively quenched upon the introduction of
growth interruptions at heterointerfaces. The achievement of phase purity was
attributed to the change in group III adatom supply and, consequently,
supersaturation of the Au-based seed. Thus, a growth interruption method for the
formation of single phase wurtzite NW heterostructures was presented. Prior to
the publication of this study, the growth interruption technique for crystal
structure control had been otherwise unexplored. However, recently, many
groups have adopted the so-called “supply interruption method” (SIM) for the
phase perfection of NWs composed of various III-V semiconductor alloys [270-
275]. The new method of crystal-phase engineering represents great progress
toward the development of twinned superlattice homostructure devices [275].

Lastly, in Chapter 3, we explored the preferential incorporation of P in
GaAsP segments, leading to the self-assembly of a P-rich core layer and an As-
rich shell layer in each NW. The effect of this compositional variance and of a
GaP passivation layer on the optical properties of the active GaAsP layers was
examined. Furthermore, through M-PL spectroscopy analysis, an increase of the

effective electronic diameter of the NWs was observed with surface passivation.
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In Chapter 4, the growth of GaAs NWs on a number of foreign substrates
was investigated. The growth surfaces evaluated included Si (100) and (111),
stainless steel foils, glass substrates with polycrystalline Si buffer layers, carbon-
nanotube (CNT) composite thin films, and highly ordered pyrolytic graphite
(HOPG) substrates. Densely packed GaAs NW growth was realized on all growth
surfaces, with the exception of HOPG surfaces. Instead, growth on HOPG
substrates led to the observation of Ga-particle assisted NW formation. Various
surface treatment methods allowed for the determination that growth did not stem
from the standard oxide-mediated regime but, rather, from the likely preferential
formation of Ga clusters which, in turn, seeded the growth of GaAs NWs.

Of the various substrates employed for growth, CNT thin films were
chosen as the most suitable alternative for device applications. The basis for this
selection was the high electrical conductivity and mechanical flexibility offered
by the CNT composite films and the previously unexplored nature of the GaAs
NW/CNT material combination. The GaAs NWs grown on this surface were
shown to be optically active and the desired activation of dopants in the NWs was
demonstrated.

In Chapter 5, the GaAs NW-CNT composite film system was employed in
the fabrication of flexible solar cells. The NWs were demonstrated as the active,
light-harvesting medium. Photovoltaic (PV) behaviour was effectively

demonstrated, characterized by a conversion efficiency of 0.32 %. The flexible
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devices were shown to maintain optimal performance, under flexure, up to a bend
radius of 12.5 mm.

The research presented here has shown the potential for the integration of
high quality, single crystalline III-V semiconductor NWs with functional foreign
substrates, allowing for the fabrication of large-area, flexible opto-electronic
devices, with significant cost reductions compared to standard film-based
technologies and otherwise homo-epitaxial approaches of NW growth. This work
provides a foundation which can be extended to the growth of various material
combinations and NW heterostructure geometries, and suitable for sensing,

display, and energy conversion applications.
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6.2 — Outline for Future Work

Several key routes exist through which the current work can be extended
in future research efforts. In this final section, we present the preliminary results
of three individual experiments, branching from the main focus of this Thesis,
whose extension is anticipated to lead to contributions of significance to the field
of NW research. These include investigations into the optical properties of core-
multishell versus superlattice heterostructured GaP/GaAsP NWs, GaAs NWs
grown on glass substrates with Si buffer layers for photovoltaic applications, and
the use of CNT thin films as transparent and conductive top contact electrodes in
NW-based solar cells and display applications. Additionally, a final consideration

is given to the nature of stacking fault formation, worthy of further exploration.

6.2.1 — Optical Properties of Core-Multishell and Superlattice Nanowires

The optical properties of as-grown NW ensembles, as investigated through
photoluminescence (PL) spectroscopy, and single NW specimens, as studied
through micro-photoluminescence (u-PL) spectroscopy, are considered in this
section. In particular, comparisons are drawn between the optical characteristics
of core-multishell and superlattice heterostructured GaP/GaAsP NW systems;
namely, a comparison of the properties of the group C and group D systems,
discussed in Section 3.3. On account of the indirect energy band structure of GaP,

radiative carrier relaxation transitions in this binary alloy are inefficient and
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sufficient PL signals are not generated. Therefore, we focus, here, on PL
emission generated from the GaAsP layers of the coaxial heterostructures.

All p-PL experiments were conducted in the photonics laboratory of Dr.
Gregor Weihs, at the Institute for Quantum Computing, in the University of
Waterloo. Single NWs were dispersed on oxidized silicon substrates with surface
oxide layers of approximately 350 nm thickness. After deposition of NWs on
Si0; substrates, the samples were mapped through SEM imaging (conducted prior
to u-PL characterization) such that the locations of single NW specimens could be
recorded along with their lengths and diameters. This process allowed for the
association of a u-PL spectra with a particular NW. Illumination was provided by
a 532 nm excitation and spectra were recorded from samples maintained at
approximately 7 K, unless otherwise stated.

In the case of PL experiments involving as-grown NW samples, all spectra
were acquired at the Instituto de Fisica de Sao Carlos, at the University of Sao
Paulo, Brazil, by Dr. Yuri Pusep. Here, cleaved as-grown samples were mounted
onto Cu stubs and inserted into a liquid He cryostat maintained at 1.6 K.
Excitation was provided by a Ar" laser centred at 514.5 nm.

We first consider the pu-PL spectra of single group C and D NWs. Recall
that group D NWs are those with radial GaAsP layers with thickness on the order
of 5 nm, while the group C NWs are of a core-multishell geometry with central
GaAsP layers with thickness on the order of several tens of nanometres. Two

main features of interest exist, in the comparison of the p-PL spectra of these two
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Figure 6.1 — Comparison of p-PL spectra obtained from a single group C NW,
with a core-multishell architecture (red line) and a single group D NW, with a
superlattice geometry (black line).

distinct NW systems, as shown in Figure 6.1. The first feature is the clear blue-
shift of the group D NW spectra, relative to that of the group C NW. Secondly,
while a single broad peak is observed in the case of the core-multishell NW, with
thicker GaAsP segment, the spectra of the superlattice NW is composed of
multiple narrow features. Both of these spectral characteristics are attributed to
the quantum confinement of carriers in the thin GaAsP layers of the superlattice
heterostructured NW. Such confinement and discretization of electron states is
not achieved in the relatively thick GaAsP layer of the group C NW.
Consequently, the observed broad line-width is generated as a result of radiative

transitions from a continuum of states present in both the conduction and valence
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bands. Thus, it can be said that the group C NWs exhibit a bulk-like optical
behaviour.

Recently, several studies have been published on the p-PL characteristics
of single semiconductor NWs, with narrow line-width features similar to those
present in the spectra of the group D NW shown in Figure 6.1. In these reports
[276-281], the various numerous narrow single peaks were attributed to
longitudinal Fabry-Pérot-type micro-cavity modes which arise on account of the
NW geometry. In contrast, it is contended that the multiple narrow p-PL signals
emitted by the group D NWs cannot be attributed to similar micro-cavity modes,
for two reasons: (1) In order to support multiple mode resonances, the NW
geometry must consist of uniformly structured facets, with terminating planes at
the bases and tips acting as reflecting mirrors [279]. The tapered NWs in the
current study possess non-uniform facets with dissimilar base and tip planes. (2)
The difference in the peak position or the relative mode spacing, 44, is inversely
proportional to the length of the cavity (in this case, the length of the NW), L,
according to:

3 A’m

A = —
& 2Ln

(6.1)

where A is the wavelength, while m and n represent the mode number and
refractive index of the medium, respectively [276]. In the case of GaAsP with the
aforementioned composition, we can assume n = 3.6, from the weighted average
of n values for GaP énd GaAs [151]. As can be seen in Figure 6.1, the spacing of
the spectral features is on the order of nanometres. For such small peak position
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Figure 6.2 — Peak p-PL measured at various temperatures from a single core-
multishell (group C) NW (red data points) plotted alongside the temperature
dependent bandgap energy of GaAs, 79Py 30 (black) and GaAs ¢5P 35 (blue).

differences, the NW length, based on Equation 6.1, should be on the order of tens
of microns. Based on the structural analysis discussed in Section 3.3, we know
that this condition is not satisfied by the NWs in question. Thus, the argument
that the narrow features present in the p-PL spectra of group D NWs can be
attributed to resonant Fabry-Pérot-type micro-cavity modes is effectively
disqualified. Rather, the multiple narrow features can likely be attributed to
radiative transitions from confined states in GaAsP layers of varying thickness.
The number of peaks can be accounted for by radiative transitions from multiple
confined states within the same layer and also by transitions within multiple

layers of dissimilar thickness, leading to dissimilar confinement energies.
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Based on the temperature dependent p-PL signals acquired from single
group C NWs, the composition of the GaAsP layer can be approximated. From
the weighted average values for a, £, and E¢ (T = () obtained for GaAs and GaP,
from Ref. [152], the red-shift of the GaAsP bandgap energy with increasing
temperature can be plotted according to the Varshni relation, shown in Equation
2.8. In Figure 6.2, this red-shift is plotted with respect to temperature for bulk
GaAsg 70P 30 and GaAsy 5Py 35. The peak PL position was measured from single
core-multishell NWs at several temperatures, and is also plotted alongside the
Varshni curve in Figure 6.2. Here, it can be seen that the composition of the
GaAsP layer, obtained through p-PL experiments, is in agreement with the values
for composition, as determined through EDXS measurements (Section 3.2),
within the aforementioned experimental error range.

The blue-shift observed in Figure 6.1, associated with thin GaAsP layers
of the single superlattice NW, is also evident in the PL spectra obtained from a
collection of as-grown NWs from the same sample. Figure 6.3 compares the PL
signals emitted from an ensemble of group C and D NWs. Once again, a clear
shift to higher energy is confirmed in the emission from the group D NWs. As
before, the thick GaAsP layers of the group C samples exhibit bulk-type optical
behaviour. The lack of narrow line-width peaks in the spectrum of the
superlattice NWs can be accounted for by considering that the collective signal of
a large number of structurally variant NWs is shown in Figure 6.3, each of which

contribute a narrow signal to the total emission energy range.
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Figure 6.3 — Comparison of PL spectra obtained from a large collection of as-
grown group C NWs, with core-multishell geometries (red line), and a large
collection of as-grown group D NWs, with superlattice geometries (black line).

In summary, the optical characterization of 3-tiered core-multishell NWs
and 1l-tiered co-axial superlattice NWs was carried out through p-PL
spectroscopy of single NWs and PL spectroscopy of as-grown samples. The core-
multishell NWs having GaAsP layers with thicknesses on the order of several tens
of nanometres demonstrated broad line-width luminescence, which red-shifted
with increasing temperature in agreement with the Varshni curve of GaAs,.P,, for
0.30 <x <0.35. The superlattice NWs, on the other hand, demonstrated multiple
narrow line-width spectral features, blue-shifted with respect to the peak energy
of the core-multishell NW PL. This was attributed to confinement effects and
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discretization of states in the GaAsP layers of the superlattice NWs with
thicknesses on the order of a few nanometres, as opposed to the generation of
Fabry-Pérot micro-cavity modes in a single NW, as suggested in recent literature.

This work can benefit, in future efforts, from the accurate modelling of the
quantization of energy states in GaAsP layers of particular thicknesses, such that
each narrow line-width spectral feature, of the type shown in Figure 6.1, could be
correlated to a corresponding GaAsP layer within a single SL NW, as determined
through TEM experiments. Multiple tuneable wavelength emission could then be
realized from stoichiometrically identical GaAsP layers, grown within a single

NW, by controlling the radial thickness of each layer.

6.2.2 — GaAs NWs Grown on Glass Substrates for Photovoltaic Applications

The GaAs NWs grown on borosilicate glass substrates with 400 nm thick
Si buffer layers (group B NWs, as described in Section 4.4) were employed in the
fabrication of photovoltaic cells. The fabrication process utilized was similar to
the approach outlined in Chapter 5, with the exception of the procedure for the
formation of the back-side electrical contact; namely, the contact to the solar cell
base layer. In the current approach, the perimeter of the sample was shadowed
during growth, such that no GaAs was deposition on Si surface at the sample
edges. After growth, the eight-step fabrication procedure listed below allowed for
the formation of top-side contacts with the n-doped NW layers and the formation

of back-side contacts with the p-doped substrate surface:
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1. Using a mask to shadow the perimeter of the sample surface, a 150 nm
thick SiOy layer was deposited via plasma-enhanced chemical vapour
deposition (PE-CVD). This allowed for the encapsulation of the NW
surfaces and the surface of the planar GaAs layer.

2. S-1808 photoresist was spin-cast over the oxide-coated NWs.

3. A 60 s Oy-plama reactive-ion-etching (RIE) treatment was carried out for
the removal of the photoresist along the oxide-coated NW tips.

4. The samples were subjected to a 5 s wet-etch in 10 % diluted buffered HF
solution for the removal of SiOy along the exposed NW tips.

5. An acetone bath lift-off procedure was carried out for the removal of the
remaining photoresist.

6. Indium-tin-oxide (ITO) was deposited via sputtering, through a shadow
mask, allowing for contacting of the NWs, covering a circular area with
diameter of approximately 800 um.

7. Using a mask to shadow the ITO contacted NWs in the central region, Al
was deposited via thermal evaporation, along the perimeter of the sample
surface.

8. A 30 s rapid thermal annealing (RTA) vtreatment was carried out at 400 "C

for the formation of Ohmic contacts.

Figure 6.4 shows a cross-sectional pictorial representation of the fabricated

devices. In this case, the Al contact is the contact to the p-doped layer, allowing
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Figure 6.4 — Pictorial representation of fabricated solar cells, demonstrating the
contacting scheme.

for a conductive pathway from the Si buffer layer to the ITO contact, through the
NWs under a given contact spot.

The photovoltaic response of the fabricated devices was tested using a
solar simulator with an A.M. 1.5 G filter, yielding an incident power of 2.6 Sun.
The current-voltage characteristics of the devices, under dark and illuminated
conditions are shown in Figure 6.5. A small PV response was observed,
characterized by a fill factor of 29.2% and a conversion efficiency of
approximately 0.01%. The relatively poor performance of these devices may be
due to the large number of recombination sites along grain boundaries within the
Si buffer layer and the poor quality of the interface formed by the Si and p-type

GaAs layers. Furthermore, based on the deposition of a relatively thin GaAs film
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Figure 6.5 — Fourth quadrant current-voltage characteristics of fabricated NW-
solar cells under dark (black curve) and illuminated (red curve) conditions.

on Si surfaces during NW growth (as considered in Sections 3.2 and 4.2),
potential depletion effects within this layer may also have contributed to the low
conversion efficiencies measured. Currently, further investigations into the nature
of the GaAs/Si interface and the electrical and optical properties of the planar
GaAs film deposited during NW growth are needed. GaAs NWs grown on
stainless steel foils, of the type discussed in Section 4.3, could be appropriately
doped for the formation of active p-n junction in core-shell morphologies. Similar
device fabrication procedures, as described above and in Chapter 5, could then be

employed for the production of flexible NW-based PV and LED devices.
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6.2.3 — CNT Films as Transparent Electrodes in NW-Based Devices

The use of CNT composite films in NW-based opto-electronic device
applications, as an alternative to conventional transparent conductive oxide films,
deserves further attention. Although the integration of CNT films as transparent
electrodes in standard planar technologies has previously been demonstrated [213-
215], their use in NW-based devices has not been explored. Based on the inherent
economic incentives and performance improvements offered as compared to
indium-tin-oxide (ITO) films [212], the use of CNT films as top-contact layers for
NW-based solar cells was investigated. The preliminary results on this contacting
approach is presented here.

Three main contacting procedures were considered including spin-coating
and drop-casting of single-walled CNTs from solution onto as-grown NW
samples, as well as the direct placement of pre-fabricated CNT sheets on NW
arrays. Both solution-based contacting procedures proved problematic. Spin-
coating methods led to non-uniform coverage over the total area of the as-grown
NW samples. Additionally, difficulties in CNT film thickness control arose on
samples where NWs were randomly aligned, as evident by the plan-view SEM
image shown in Figure 6.6(a). Drop-casting procedures allowed the deposited
CNTs to bend and contort the as-grown NWs, compromising the arrangement and
alignment of the NWs. This approach also allowed individual bundles of CNTs to
contact the planar growth region, forming undesired short-circuit pathways. The

plan-view SEM image, shown in Figure 6.6(b), illustrates both of these concerns.
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Figure 6.6 — Plan-view SEM images of CNT films contacted to as-grown NWs
through (a) spin-coating and (b) drop-casting approaches. (c) Tilted-view SEM
image of pre-fabricated CNT film positioned on an as-grown NW sample.
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In contrast, the positioning of pre-fabricated CNT films over as-grown
NW samples was free of the above contacting challenges. In this approach, CNT
sheets of the desired thickness were formed through the previously described
vacuum filtration method [224], removed from the Teflon membrane through
which CNT solutions were filtered, cut to the desired coverage area, and
physically positioned over the as-grown NW arrays. The tilted-view SEM image
shown in Figure 6.6(c) demonstrates the positioning of the CNT film over the
vertical as-grown NWs. The main benefits of this approach include the following:
(1) the planar growth region of the sample is not contacted by the CNT top
contact layer, eliminating the need for process intensive device fabrication
schemes, (2) control is gained over the thickness, area, and position of the CNT
film, and (3) NW structure and arrangement is not compromised in the contacting
process.

Preliminary trials comparing the performance of solar cells fabricated
from GaAs NWs grown on GaAs (100) substrates, contacted with ITO and CNT
films, demonstrated approximately 80 % lower conversion efficiencies from the
CNT top contacted devices. The lower efficiency values are attributed to (1)
higher series resistance stemming from a contact layer with higher resistivity and
(2) lack of contact to shorter NWs and NWs positioned at more acute angles
relative to the substrate. The second factor is controllable, simply through the
growth of vertical NWs. The first factor, however, requires further attention.

Here, a point of interest is that when the CNT top-contacted samples were
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subjected to a 30 s annealing treatment at 400 °C, a 60 % increase in short-circuit
current and an overall 75 % improvement in conversion efficiency was measured.
In future efforts, optimization of the electrical conductivity and optical
transparency of the CNT film is required. This is dependent not only upon the
thickness of the CNT films, but also upon their purity and the formation of Ohmic
contacts with the NWs. As such, the optimization of annealing treatments is

necessary.

6.2.4 — Dependence of Stacking Fault Formation Upon Local Growth

Parameter Fluctuations

The TEM analysis of GaAs NWs grown on Si (111) substrates (discussed
in Section 4.2) led to a previously unreported observation of interest. Figure 6.7
clearly shows a nano-structure formed through the merging of three independent
NWs. This merging effect is believed to result from the lateral contact of three
initially separated, though closely situated, neighbouring NWs after substantial
radial growth.

Three key observations can be made from Figure 6.7. First, we note that
the sidewall tapering of the two outer NWs is more pronounced on the side that is
unobstructed by the adjoined NW. This results from the reduced competition for
diffusive adatoms on the sidewall not facing a neighbouring NW. Secondly, the
height of the central NW is significantly shorter than that of its conjoined

neighbours. In fact, the height of the central NW only slightly exceeds the height
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Figure 6.7 — TEM image of three GaAs NWs conjoined as a result of contact
through sidewall growth. Coincident stacking fault locations are observed along
the base and centre of the three conjoined NWs.
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beyond which a tapering effect is observed in its neighbours. This point is, once
again, rooted in the competition for diffusive adatoms. As the central NW is
obstructed on two sides, in contrast to the outer NWs only being obstructed on
one side, its formation is predominantly supported by growth species provided by
the direct impingement contribution. Thus, the contribution to growth provided
by adatoms impinging on the sidewalls and subsequently diffusing to the Au-seed
is effectively reduced, in the case of the central NW.

The final and most noteworthy observation made from Figure 6.7 is the
coincidence of stacking fault positions along the length of all three NWs,
particularly at the base. The coincidence of stacking faults was consistently
observed along all conjoined NW structures investigated. Consequently, it can be
argued that the formation of stacking faults, in the initially separated and
adjacently located individual NWs, occurred concurrently. This means that the
formation of stacking faults is rooted in a phenomenon that is commonly
experienced within a given location. Otherwise stated, the formation of stacking
faults is dependent upon the local fluctuation of growth conditions. This concept
can be further examined in future work through the growth of position- and size-

controlled NWs under variable growth conditions.
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	Figure 5.2-(a) 45° tilted-view and (b) cross-sectional view SEM images of as­grown group A NW samples. Densely packed NWs are grown at various orientations with a highly tapered morphology Similar results were obtained from group B NW samples. 
	Figure 5.4 -Current-voltage characteristics of group A NWs, with ITO top contacts, under dark (black circles) and 2.6 Sun illumination (red squares) conditions. Group B NWs demonstrated no such photo-response. 
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	Figure 6.1 -Comparison of Jl-PL spectra obtained from a single group C NW, with a core-multishell architecture (red line) and a single group D NW, with a superlattice geometry (black line). 
	Figure 6.2 -Peak !1-PL measured at various temperatures from a single core­multishell (group C) NW (red data points) plotted alongside the temperature dependent bandgap energy ofGaAso7 oPoJo (black) and GaAs065Po35 (blue). 
	Figure 6.3 -Comparison of PL spectra obtained from a large collection of as­grown group C NWs, with core-multishell geometries (red line), and a large collection of as-grown group D NWs, with superlattice geometries (black line). 
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	Figure 6.7 -TEM image of three GaAs NWs conjoined as a result of contact through sidewall growth. Coincident stacking fault locations are observed along the base and centre of the three conjoined NWs. 




