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Abstract

I11-V semiconductor nanostructures have been the research focus in the past two decades thanks
to the superior properties of the materials themselves and the unique properties produced by
reducing the dimension to the nanoscale. In particular, 111-V nanowires have drawn much more
attention and have been extensively applied in a wide range of devices including solar cells,
light-emitting diodes, lasers, transistors, and photodetectors. Despite these great successes,
these one-dimensional (1D) nanostructures still face many challenges in terms of synthesis,
assembly, fabrication and the ability to form complex nanoarchitectures. Surprisingly, it has
been demonstrated that nanostructures with more complex two- and three-dimensional (2D and
3D) shapes can provide possible solutions. These shape-engineered nanostructures can improve
material properties and device functionality. Furthermore, recent intensive investigation of
nanostructure networks shows a great demand on the shape flexibility, uniformity, structural
and optical qualities of epitaxially grown I11-V nanostructures.

This dissertation presents the shape engineering of InP-based nanostructures grown by
metal organic chemical vapour deposition (MOCVD) from 1D nanowires to more sophisticated
2D and 3D shapes. Shape transformation mechanism, crystal structure and optical properties
were thoroughly investigated to understand the growth mechanism of these complex I11-V
nanostructures for electronic and optoelectronic applications. Among the various growth
techniques, selective area epitaxy (SAE) has the advantages of producing uniform
nanostructure arrays with a high degree of controllability in pattern geometry, such as shape,
dimension, site position and spacing, and thus has been used in this work.

InP nanostructures grown on {111}A InP substrates was first investigated. Two key
growth parameters, temperature and /111 ratio, were studied to optimise the growth conditions.
We found that a higher growth temperature was crucial to obtain high quality nanostructures.
Under optimal growth conditions, the highly uniform arrays of wurtzite (WZ) InP
nanostructures with tunable shapes, such as nanowires, nanomembranes, prism- and ring-like
nanoshapes, were simultaneously achieved. Their side facets can be dominated by {1010}
and/or {1120}, making WZ InP a good candidate for tailoring the shape of the nanostructures.

In-depth investigation of shape transformation with time and opening geometry/dimension

Vi
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revealed that the shape was essentially determined by pattern confinement and minimisation of
total surface energy. A theoretical model was proposed to explain the observed behaviour.
Structural and optical characterisation results demonstrated that all the different InP
nanostructures grown under optimal conditions have perfect wurtzite (WZ) crystal structure

regardless of their shape and strong and homogeneous photon emission.

Moreover, we investigated the shape evolution from branched nanowires to
vertical/inclined nanomembranes and crystal structure of InP nanostructures grown on InP
substrates of different orientations, including {100}, {110}, {111}B, {112}A and {112}B. Two
growth models were proposed to explain these observations regarding shape transformation and
phase transition. A strong correlation between the growth direction and crystal phase was
revealed. Specifically, WZ and zinc-blende (ZB) phases form along the <111>A and <111>B
directions, respectively, while crystal phase remains the same along other low-index directions.
The polarity-induced crystal structure difference was explained by thermodynamic difference
between the WZ and ZB phase nuclei on the {111}A and {111}B planes. Growth from the
openings was essentially determined by pattern confinement and minimisation of the total
surface energy, similar to growth on {111}A InP substrates. Accordingly, a novel type-II
WZ/ZB nanomembrane homojunction array was obtained by tailoring growth directions

through alignment of the openings along certain crystallographic orientations.

Finally, the incorporation of InAsP quantum well was carried out on pure WZ InP
nanostructure templates grown on {111}A InP substrates with two different shapes, i.e.
nanowires and nanomembranes. InAsP quantum wells grew both axially and laterally on the
InP nanowires and nanomembranes. While the axial quantum well was of ZB phase, the lateral
one grown on side facets had a WZ phase. When sidewalls of nanowires and nanomembranes
were the nonpolar {1100} facets, the radial quantum well selectively grew on the sidewall
located at the semi-polar <112>A side of the axial quantum well, leading to the shape evolution
of nanowires from hexagonal to triangular cross section and destroying the symmetry of
nanomembranes. In comparison, nanomembranes with {1120} sidewalls are shown to be an
ideal template for growing InP/INAsP heterostructures thanks to the high symmetry and
uniformity of quantum well nanomembrane array. EDX results showed that quantum well
composition was highly dependent on the crystal facet. Moreover, quantum well
nanomembranes with {1120} sidewalls gave strong and uniform photon emission around 1.3
pum, showing superior optical properties compared with quantum wells incorporated in InP

nanowires and nanomembranes with {1100} facets.
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Introduction

CHAPTER 1

Introduction

1.1. 111-V semiconductor nanostructures

Most of group I1I-V semiconductors are key components of modern electronics and
optoelectronics thanks to their superior electronic and optoelectronic properties, such as high
carrier mobility, direct bandgap and band structure engineering capability.’ 2 The relevant
devices have been widely applied in many aspects of our daily life, from general lighting to
satellite communications. In the past two decades, nanoscience and nanotechnology have
developed rapidly where reducing material dimension to the nanometre level brings many
unique properties. 111-V semiconductor nanostructures, especially the quasi-one-dimensional
(1D) nanowires, have drawn great attention with the rise of material synthesis and device

fabrication at the nanoscale.

[11-V nanowires generally have a diameter at the nanometre scale and a height at the
micrometre level. The small size and unique geometry give them tremendous advantages over
their planar counterparts. For instance, the material consumption and cost can be reduced in
devices made of 111-V nanowires.® Small feature size allows a lot of nanowires to integrate into
a tiny single chip,* and thus realises complex functionalities and miniaturises devices. Quantum
confinement can occur in the radial direction of nanowires with a sufficiently small diameter,
which leads to the reverse relationship between band gap and diameter,® and significantly
affects the optical and electronic properties.®% In addition to zinc-blende (ZB) phase that is
commonly observed in bulk I11-V semiconductors, the metastable wurtzite (WZ) phase could
form in 111-V nanowires depending on the growth conditions.***® The ability to form these two
crystal structures enables phase engineering which provides more possibilities for tailoring
nanomaterial structures and properties,'’ such as the formation of WZ/ZB homojunctions with
type-11 band alignment and unusual WZ GaP nanowires with a direct band gap.'®-%° Both single
nanowire and nanowire array can greatly enhance light absorption, making them attractive

candidates for applications such as solar cells, light emitting diodes (LEDs) and solar water
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splitting.® 212° Krogstrup et al.?! reported a single GaAs nanowire solar cell with efficiency
beyond the Shockley-Queisser limit partly because of enhanced light absorption due to an
antenna-like self-concentration effect. Wallentin et al.® achieved an InP nanowire array solar
cell with 13.8% efficiency surpassing the ray optics limit thanks to the resonant light trapping
of nanowires. Carrier collection efficiency is significantly improved in nanowires with a radial
p-n junction due to the decoupling of light absorption and carrier collection pathways.?®
Moreover, nanowires also possess high surface-to-volume ratio, high aspect ratio and excellent
mechanical flexibility, and thus demonstrate great potential in sensing, flexible electronics, and
nanogenerators.2”~%® In addition to device applications, nanowires have also demonstrated great

significance in fundamental science.3"-%

The quasi-1D geometry of nanowires implies that heterostructures could form axially
and/or radially, providing extra freedom of material synthesis and device fabrication compared
with planar structures where only axial heterostructures can be formed.***® For instance, the
nonpolar {1010} sidewalls of c-axis oriented GaN nanowires offer a platform for growing
radial InGaN quantum wells on non/semi-polar facets where the quantum-confined Stark effect
can be eliminated. This kind of InGaN/GaN nanowire heterostructures have been widely
applied to light-emitting diodes, solar cells and lasers in consideration of its great significance
of improving quantum efficiency and mitigating efficiency droop.*“® Axial nanowire
heterostructures have a much higher tolerance for lattice mismatch than planar heterostructures
due to the extremely reduced lateral dimension of nanowires which can relieve lattice mismatch
induced strain.**>3 Thus, heterogeneous semiconductors with a big lattice difference are more
likely to form high quality heterostructures even without dislocations in the nanowire form. In
short, nanowires make it possible to form heterostructures by combining more dissimilar

semiconductors, which provides more possibilities for device applications.

Based on these unique properties mentioned above, 111-V nanowires are revolutionising
modern electronics and optoelectronics.>* > Amongst them, InP-based nanowires are of
particular research interest due to superior properties of InP, such as direct band gap, high
electron mobility, low surface recombination velocity, and lattice matched with a wide range
of ternary and quaternary I111-V semiconductors.®®® Thus, InP-based nanowires have been
widely applied in various applications, including light-emitting diodes,>®%! lasing,®>®® solar
cells,® 8670 photodetectors,’*"* field-effect transistors,”>"" terahertz detectors,’”® ™ single-

photon detectors,®® and solar water splitting.82-8
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1.2. Significance of expanding research interests from 1D nanowires to higher-order

2D/3D nanostructures

Despite the superior properties and great successes of 111-V nanowires mentioned above, they
still face many challenges or inadequacies, such as in terms of synthesis, assembly, fabrication,
and functionality, which are caused by the quasi-1D geometry of nanowires themselves.®
Nanowire morphologies, such as tapering and cross-section shape, have been extensively
investigated since they play important role in determining their properties and applications.8>
1 For example, Foster et al.® reported the highly linearly polarized photon emission of an
embedded InGaAs quantum dot in a GaAs nanowire with an elongated cross section, showing
promise for realising linearly polarized single photon emission. More surprisingly, there is an
increasing number of reports that nanostructures with a higher-order two- and three-
dimensional (2D and 3D) shapes can provide possible solutions for the challenges and

inadequacies of nanowires.
1.2.1. Epitaxial growth

Twin-free GaAs nanowires grown by metal-seeded vapour-liquid-solid (VLS) technique have
been extensively reported®® whereas those grown by catalyst-free selective area epitaxy (SAE)
remain challenging since planar defects can be easily formed in nanowires grown by the latter
technique.®®*® Twinning defects are an inherent feature of SAE grown GaAs nanowires, and
twin-free ones are yet to be reported. In contrast, by fabricating nanoslot openings with a proper
orientation (<112>) instead of round nanoholes for SAE, twin-free GaAs nanostructures with a
2D sheet-like shape have been successfully grown at a range of growth conditions due to the

formation of two vertical {110} side facets because of nanoslot confinement.®’

Much efforts have been devoted to growing I11-V nanostructures on Si(100) wafers in
consideration of the great prospect offered by the integration of advanced I11-V optoelectronic
nanodevices with modern microelectronic technology.® 1% A vertical configuration is of
particular interest but remains challenging.*” 1% Till now, as-grown vertical 111-V nanowires
epitaxially grown on Si(100) by either VLS or SAE techniques have not been reported.
Fortunately, the vertical I11-V nanostructures with 2D shapes including V-shaped InAs
nanomembranes and GaAs nanospades have been reported by Morral et al.,*?” 10111 showing
a breakthrough in this research area. V-shaped InAs nanomembranes with flat {110} walls are

grown by catalyst-free SAE as a result of growth along two opposite <111>B directions, 10911




Introduction

while GaAs nanospades with a virtually defect-free bicrystalline structure have been grown by
selective-area self-catalyst VLS.

In addition, the metastable WZ phase I11-As/P nanowires occur only at the nano/micro-
metre scale since they become unstable and even switch to ZB phase with diameter exceeding
a critical value. However, WZ 111-V semiconductors with a large size are sometimes desired for
supporting optical modes and reducing detrimental surface recombination.!'? Staudinger et
al.12 13 demonstrated a large size WZ InP film/micro-disk as a result of a zipper-induced
epitaxial lateral overgrowth originating from six <110>-oriented nanoslots connected in the
centre. The dimensions of this kind of 2D structure can exceed 100 pm? beyond nanowire size
constraints, providing a good platform for light-emitting devices and photonics.

Due to the great significance of epitaxially grown I11-V nanostructures with higher-order
dimensional shapes, the understanding of shape transformation mechanism is important,
especially for those grown by SAE technique,®” 111 112 114 which is therefore the focus of this
dissertation.

1.2.2. Fabrication and assembly

It has been shown that 1D nanowires, limited by the geometry, have unavoidable difficulty in
device fabrication and certain types of measurements, such as Hall effect especially when
multiple terminals are required.!*® 11® In comparison, 2D nanomembranes with an extra spatial
dimension can significantly ease the fabrication process and enable complex device design with
multiple contacts and gates, as demonstrated by GaAs nanosheets,'*’ InAs nanofins,**® and InSb
nanosheets/nanosails.!%?! For instance, the rectangular InAs nanofins grown by SAE have
been fabricated into a sophisticated device consisting of a number of contacts, global back-gate
and local top-gate after being mechanically transferred to another substrate with a high accuracy
and yield.'*® Particularly, this device can measure the mobility with carrier density,
demonstrating a superior contact design and fabrication over nanowires where the field-effect
mobility is generally measured limited by contacts.!*® Furthermore, the performance of
nanodevices based on 111-V nanomembranes may benefit from the direct contact of the active

layer and gate stack enabled by the 2D nature of nanomembranes.4 122

Assembly of epitaxially grown nanowires into a highly ordered horizontal array has
potential for the scalable fabrication of electronic and photonic nanodevices. However, the
postgrowth processing (e.g. contact printing) is required,'?® 2% which generally causes

alignment fluctuation. Xu et al.*?® demonstrated an alternative solution for achieving scalable

4
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fabrication of nanodevices based on ordered core-shell nanostructures, that is growing surface-
guided CdS-CdSe core-shell nanowalls. They fabricated photodetectors using this kind of
nanostructures without the need of transfer, alignment and selective etching of the shells. In
addition to the convenience, the nanowall geometry has positive effect on device performance
because of enhanced charge-separation efficiency and 3D trigate configuration.1? 126 Besides,
highly ordered arrays of InAs nanofins,'%: 18 GaN nanosheets/nanowalls/fins,'?"*2 and GaAs
nanosheets®” grown by SAE technique should also be suitable for fabricating devices at the
wafer-scale, similar to the CdS-CdSe nanowalls. Similar InP nanostructures grown by SAE

have not been reported until our publication regarding the work discussed in Chapter 4,112 133
1.2.3. Property, functionality and application

Many superior properties of nanowires reviewed in Section 1.1 are actually shared by
nanostructures including those with complex shapes. Moreover, the higher-order nanostructures
with sophisticated shapes can also have some unique properties, such as twin-free GaAs
nanosheets, vertical V-shaped InAs nanomembranes and GaAs nanospades on Si(100), and
Cds-CdSe nanowalls discussed earlier in Sections 1.2.1 and 1.2.2. The shape-engineered
nanostructures with outstanding and/or unique properties are drawing a lot of attention as a way

to achieve improved or even new device functionality.

For instance, twin-free GaAs nanosheets®’ have been shown to have superior electronic
and optical properties, such as substantially longer minority carrier diffusion length than their
nanowire counterparts,'t’ complex 2D asymmetric optical cavity,** and high optical quality
and homogeneous emission over a large scale without a capping layer.® Surface passivation
is generally needed to improve optoelectronic properties (e.g. photoluminescence intensity and
carrier lifetime) of GaAs nanosheets,'® 137 put it may cause a negative effect, such as a shift
and broadening of the exciton peak,'®® which makes InP nanomembranes an attractive
alternative because of their low surface recombination velocity. An example is the gold-
catalysed InP nanoflag consisting of a nanowire “flagpole” and a high quality WZ
nanomembrane.® This specially shaped InP nanostructure shows a high degree of linear
polarization (up to 90%), directional radiation pattern, enhanced electric field intensity, and

more interestingly, encapsulating the active nanoemitter with a nanoantenna. % 139

There is an early report of free-standing InAs nanoplates in which carrier density can be
reduced to zero, making them useful for studying electron transport.}*® V-shaped InAs

nanomembranes grown on Si(100) demonstrated enhanced light scattering as a result of their
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distinctive shape-dependent optical resonance!'! and enhanced second harmonic generation.4!
More works related to 2D free-standing InAs nanostructures with high quality have been
reported, including wafer-scale nanosheets grown on various substrates (Si, MgO, sapphire,

GaAs, etc.) with outstanding electrical and optical properties,*?? 142

pure ZB phase nanobelts,
WZ phase nanosheets with {1120} surfaces,'*® and bicrystalline nanoleaves.!** Recently,
narrow band gap InSb nanostructures with nanosail, nanosheet, nanoflag, and nanocube shapes
have also been intensively investigated due to their intrinsic properties and great potential in
electronics, infrared optoelectronics, and especially quantum applications.120: 121, 145148 pop
instance, Mata et al.*?! demonstrated high electron mobility (over 12000 cm?V-1S?) at room
temperature and quantized conductance in a quantum point contact in a InSb nanosail quantum
system. Xu et al. successfully grew pure ZB InSh nanosheets on InAs nanowire stems by VLS
method, and revealed that they have a high electron mobility, 2D electronic states and strong
spin-orbit coupling, which together with their 2D geometry makes them a good platform for

constructing complex topological circuits.

GaN nanowalls, also known as nanofins and nanosheets, with large nonpolar {1100} or
{1120} surfaces have been extensively reported because of their ability to mitigate quantum-
confined Stark effect and efficiency droop as well as reducing dislocation density and edge
effects, providing an ideal template to grow InGaN/GaN quantum well structures and thus a
versatile platform for optoelectronic devices, such as light-emitting diodes and lasers.127-132. 149
Heterostructures are vital to further improving the functionality of I11-V nanostructures and
realise advanced devices. In addition to InGaN/GaN nanowalls, GaAs/AlGaAs quantum well
nanomembranes have also been reported.’® However, there is relatively less studies on the
incorporation of quantum heterostructures in free-standing 2D/3D nanostructures. In Chapter
6 of this dissertation, an in-depth investigation of InAsP/InP quantum well nanomembranes is

presented.

The IBM research group in Ziirich achieved room-temperature lasing from both GaAs
microdisks monolithically integrated on Si(100)™% %2 and WZ InP microdisks on InP
substrate!® grown by SAE technique benefitting from high crystal and optical qualities, thus
showing the prospect for optoelectronic applications and Si photonics. Besides, I11-V ring-like
nano/microstructures merit a special mention. Kuo et al.®* 14 demonstrated that the emission
wavelength from a nanoring micro-LED can be tuned from green to blue because of strain-
induced effects which can then facilitate the realisation of a full-colour monolithic hybrid

micro-LED device. IlI-V semiconductor nano/microring lasers have been widely
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investigated.1%>1%° However, ring-like structures are generally fabricated by etching since the
direct epitaxial growth is still challenging.t°® 161

Out-of-plane 2D/3D nanostructures consisting of interconnected 1D nanowires, such as

162 and nanocrosses/networks,'®31"2 can greatly expand functionalities and

nanotrees
applications, as demonstrated by multifunctional all-optical logic gates formed by InP and
AlGaAs nanowire networks!®® and InSh network quantum device.®” Still, there are higher
demands on the flexibility of geometry, uniformity, structural and optical qualities of
nanostructures grown by the bottom-up approach. As an alternative, in-plane networks grown
by SAE with or without catalyst are of particular interest recently because of the ability to form
nanoarchitectures with extremely high uniformity in large scale and complex shapes for

fundamental science and diverse quantum applications.t7317°

The discussion above has been focused on I11-V semiconductors in addition to CdS-CdSe
core-shell nanowalls reported by Xu et al.*?® More broadly, the advantages of shape engineering
also motivate the exploration of 2D/3D nanostructure shapes of other free-standing materials,
such as ZnS nanobelts for ultraviolet-light sensors,*% 18 CdSSe heterostructure nanosheets for
two-colour lasing,'® CdS-CdSeS nanoribbon and GaTe nanosheets for high performance
photodetectors,'8 184 ZnTe nanosheets,'® 11-VI tripods,'® Pd, AuPd, and Au nanoplates.*®’

1.3. Techniques for synthesis of 111-V nanoshapes

There are two techniques, generally categorised as top-down and bottom-up, to achieve the
synthesis of I11-V nanostructures. While top-down approach creates nanostructures using bulk
materials through a series of processing (lithography, etching, mechanical exfoliation, etc.),
bottom-up approach grows them using chemical reactions.

Top-down approach is an attractive route* 16! but requires rather complex technological
processing and further processing steps to remove the unavoidable surface damage which can
deteriorate the material properties.'>”- 158 188 Moreover, this approach has difficulties in forming
complex heterostructures in all three dimensions. In comparison, bottom-up growth provides a
promising alternative to obtaining free-standing 111-V nanostructures with diverse shapes while
maintaining many advantages such as strain relaxation between highly lattice-mismatched
interface, formation of metastable crystal phase, heterostructures in both axial and radial
directions and atomically sharp surfaces. Metal-seeded growth and SAE are two commonly
used bottom-up methods.'8 Specifically, the former has been used to grow 2D/3D nanowire

networks'®” and membrane-like nanostructures by manipulating the catalyst shape and position,

7
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the introduction of structural defects (lateral twins, mirror twins) and/or tuning the growth
conditions, 120 121, 138-140. 144, 148 Hawever this method has very limited controllability of the
nanostructure geometry and position, with poor yield and uniformity. Instead, SAE is more
suitable for growing I11-V nanostructure arrays with high controllability in terms of shape,
dimension, site position, and directionality as well as uniformity and potential for scalability,
as demonstrated by twin-free GaAs nanosheets®” 13 rectangle InAs nanofins,!!® and various

networks.”?’* 174,176
1.4. Thesis synopsis

This dissertation presents a detailed investigation of various shape-engineered InP
nanostructures, including nanostructure growth by catalyst-free SAE technique, mechanism
study, and heterostructure incorporation towards the realisation of optoelectronic applications.
Prior to that, some basic concepts and knowledge related to 111-V nanostructures are given in
Chapter 2 while a number of experimental techniques involving substrate preparation and
nanostructure characterisation are introduced in Chapter 3.

In Chapter 4, InP nanostructures with diverse shapes, including nanowires,
nanomembranes, nanoprisms, and nanorings, grown on {111}A InP substrates are investigated
since substrates of {111} surfaces are most commonly used for growing vertical I11-V
nanowires. The design of openings on the mask plays a key role in controlling the nanostructure
shapes. Growth optimisation is conducted by studying the effect of two key growth parameters
(temperature and V/III ratio) on nanostructure morphology and optical properties. After
optimisation, the morphology, structural and optical properties of 2D/3D nanoshapes are
examined, showing high uniformity, pure WZ phase structure, and strong and homogeneous
photon emission. In addition to pattern confinement, shape transformation mechanism is also

determined by minimisation of total surface energy, as confirmed by a proposed model.

Chapter 5 further expands the investigation of InP nanostructures to InP substrates of other
orientations, in order to systematically understand the growth mechanism and explore new
nanostructures. Shape evolution from branched nanowires to nanomembranes with the
elongation of openings along specific orientations are investigated on substrates of various
orientations. Shape transformation mechanism is studied through a proposed growth model,
which can also be attributed to minimisation of total surface energy. Moreover, the link between
crystal phase and growth direction is analysed and explained with the help of a nucleation-based

model. A novel double layered InP nanomembrane with WZ/ZB homojunction is achieved.
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In Chapter 6, the growth of InAsP quantum well in InP nanowire with {1100} side facets
and nanomembranes with either {1100} or {1120} side facets are investigated. An asymmetric
incorporation of quantum well is observed in both nanowires and nanomembranes with {1100}
side facets. In-depth analysis shows that lateral quantum well has a WZ phase and grows on
{1100} side facets of <112>A side of axial ZB quantum well, eventually leading to the
asymmetry. On the other hand, nanomembranes with {1120} side facets allow the formation of
highly uniform quantum well on both sides. Optical results acquired from cathodoluminescence
(CL) spectroscopy of these quantum well nanostructures are presented and compared, showing

nanomembranes with {1120} facets are better platform for future optoelectronic applications.

Finally, Chapter 7 summarises the main contributions in this dissertation and gives some

suggestions for future works.
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CHAPTER 2

Basic concepts of 111-V nanostructures

2.1. Introduction

In this chapter, some key concepts and background knowledge related to 111-V nanostructures
are provided, including the mechanisms underlying MOCVD and selective area epitaxy in
Section 2.2, crystal structures and planar defects in Section 2.3, crystal facets and polarity in
Section 2.4, and semiconductor hetero/homostructures in Section 2.5. These contents are
helpful to better understand the epitaxial growth and characterisation of InP and InP/InAsP

nanostructures which is the dissertation of this thesis.
2.2. Selective-area MOCVD of I11-V nanostructures

The mechanisms of MOCVD and selective area growth are first discussed here due to their
importance in epitaxial growth of I11-V nanostructures which is the first step for all three
projects (Chapters 4-6). As a mainstream technique, MOCVD is widely used to synthesize Il1-
V and I1-VI compound semiconductors in academic research and industry. More details related
to MOCVD system will be discussed later in Chapter 3.3. Basically, crystal growth is achieved
using MOCVD technique by flowing a carrier gas (e.g. H2 and N2) and gas precursors (i.e.
organometallics and hydrides) over a heated substrate wafer where the highly controlled phase
transition between gas reactants and target solid crystal takes place at given conditions.? Thus,
MOCVD is a vapour phase epitaxy and also referred to as MOVPE. Here, the terminology
“epitaxy” indicates that the growing crystal is in registry with the underlying crystalline
substrate and can be divided into homoepitaxy and heteroepitaxy depending on whether the
growing crystal is the same material with the substrate or not. The processes involved in the
crystal growth of 111-V semiconductors, such as InP, InAs and InAsP, in a MOCVD reactor are

extremely complicated, but they can be ideally expressed as:

(CH3)3In+ PH; - InP + 3CH, (2.1)
(CH3)3In + AsH; — InAs + 3CH, (2.2)
(CH3)3In + xAsH; + (1 — x)PH3 - InAs,P,_, + 3CH, (2.3)
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where the intermediate steps and by-products are ignored, as schematically depicted in Figure
2.1a. Note that the gas flow can be either vertically or horizontally introduced into the MOCVD
reactor (see Chapter 3.3 for more details). In both cases, the gas reactants diffuse toward the
surface of a heated substrate through a laminar boundary layer with a temperature gradient (see
Figure 2.1a).>° During the diffusion or mass transport under typical MOCVD conditions, the
organometallics (e.g. group Il alkyls) are predominantly decomposed by removing methyl
radicals (Figure 2.1a) while only some hydrides containing group V elements are decomposed
because of their higher thermal stability. Their pyrolysis mainly occurs at the substrate surface
thanks to the catalysis of 111-V crystals.®*! The crystal growth reactions take place at the suitable

site of substrate surface (Figure 2.1a).

Figure 2.1: Schematic illustration of (a) simplified processes during MOCVD growth and (b) chemical
potential difference as a function of reaction coordinate. (b), which is reproduced from Stringfellow®
indicates that the chemical potential difference, as a thermodynamic force, drives the processes in
MOCVD growth with equal rates.

MOCVD processes are not at equilibrium as a result of the continuous gas precursors
being introduced with an amount more than is needed to keep equilibrium with the substrate.
Thus, the thermodynamic force to restore the equilibrium drives the crystal growth (e.g. I11-V

compound semiconductors),*?*> which can be described as the chemical potential difference

29



Basic concepts of 111-V nanostructures

between the reactants and grown solid with relatively higher and lower chemical potentials,

respectively:1®

Au = ufy + up — uiy— = RT In 2y 2.4
1t Wy — Bp-v

PPy

where the terms in the middle represent the chemical potentials of corresponding gas reactants
and grown solid 111-V semiconductors; R and T are the ideal gas constant and temperature,
respectively; Py (Pf;) and P, (Py) are the partial pressures of group Il and group V reactants
where the superscript e denotes the partial pressures at equilibrium. The maximum growth rate
is determined by the thermodynamics and total gas flow of reactants used for crystal growth. In
theory, it can be achieved in the case when all the supersaturated reactants form crystals and
the equilibrium state is restored. However, in practice, the growth rate is much smaller than the
maximum value due to the kinetic factors, i.e. the limited mass transport and surface reaction
rates. Figure 2.1b schematically shows the chemical potential drop to drive the mass transport
through the boundary layer (Aup) and surface reactions (Aus). Furthermore, while the surface
reaction rate is much faster than the mass transport process, chemical potential difference (i.e.
thermodynamic driving force) is predominantly used to promote the mass transport process,
Aup > Aug, as demonstrated in Figure 2.1b. In this case, the crystal growth is in the mass
transport- or diffusion-limited growth region.! Epitaxial growth of 111-V semiconductors is
often carried out in this situation thanks to the highly efficient, superior epitaxial layer and
insensitivity of growth rate to the temperature and substrate orientation.® In addition, at
temperatures lower than the transport-limited growth region, crystal growth is limited by
surface kinetics due to the incomplete pyrolysis of precursors and the growth rate increases with
the increase of temperature. In contrast, at higher temperatures, the growth rate decreases with
the increase of temperature which is attributed to desorption of reactants and parasitic growth
in the gas phase.® Despite the highly non-equilibrium MOCVD processes (Ap > 0), the near-
equilibrium conditions may appear at the interface between vapour and solid phases in the mass
transport-limited situations. This equilibrium approximation allows the thermodynamic
analysis of 111-V compound semiconductors in terms of composition, stoichiometry, and defects,
etc.!

Prior to growth, the substrate is partially covered by a dielectric layer (e.g. SiOx and SiNy),
referred to as the mask layer. As the name indicates, selective area epitaxy allows the epitaxial
growth to occur only on the exposed regions of the underlying substrate and not on the dielectric
mask layer itself. Typically, a high-quality dielectric layer with smooth surface and relatively
higher growth temperatures are required to increase the selectivity between the exposed regions
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and the mask. The details of substrate preparation will be discussed later in Chapter 3.2. Figure
2.2a,b schematically illustrates the mass transport processes consisting of vapour phase
diffusion and surface diffusion during the SA-MOCVD growth of nanostructures.!’ Basically,
there are three diffusion fluxes of reaction species contributing to nanostructure growth:
reaction species that directly diffuse to openings or nanostructure top surface (route 1), adsorb
on mask layer and diffuse to the openings or nanostructures (route 2), adsorb on nanostructure
side facets (route 3).*® At the early stage of growth, reaction species from routes 1 and 2 lead
to the nucleation and filling up of the openings. For the crystal growth outside of openings,
nanostructures tend to be bound by low-index facets where crystal facet difference (such as
growth rate, adatom diffusion length, thermal stability) play an important role in the crystal
structure and geometry.t®2% 111-V nanostructures normally prefer to grow along the <111>A
(InP) and <111>B (GaAs and InAs) directions, which leads to the formation of vertical
nanowires with a high aspect ratio on {111} substrates. More interestingly, the facets of the
nanostructures can be altered by changing the growth conditions, substrate orientation, and

pattern design on substrate, making the control over of crystal structures and shapes possible.

Figure 2.2: Schematic illustration of mass transport processes during SA-MOCVD growth: (a)
nucleation and filling up inside of the opening; (b) nanostructure growth outside of opening. (¢) 30°
tilted SEM image of a prism-like InP nanostructure, the same as the schematic diagram in (b), grown on
InP {111}A substrate by SA-MOCVD.

2.3. Crystal structures and planar defects

The above discussion in Section 2.2 is helpful to understand the epitaxial growth of I11-V
nanostructures. Once I11-V nanostructures are grown, their crystal structure needs to be
investigated. This section gives an overview of the WZ and ZB crystal structures. Crystal
structure describes the unique arrangement of the ordered atoms in various crystalline materials.

Despite the diverse crystal structures revealed in 111-V semiconductors, only two main types,
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hexagonal wurtzite (WZ) and cubic zinc blende (ZB) structures, are observed in our
nanostructures and therefore discussed here. While 111-As and 111-P semiconductors in the bulk
form are generally of ZB structure, at the nanometre or micrometre forms they can exist in both

ZB and WZ crystal structures.'?- 222>

Taking InP for an example, Figure 2.3 and Figure 2.4 schematically demonstrate the
atomic stacking sequence of ZB and WZ crystal structures. Along the <111> or <0001> crystal
direction, the bilayers consisting of a group 111 (In) layer and a group V (P) layer stack on each
one another following the ABCABCABC sequence in ZB structure and ABABAB sequence in
WZ structure (see Figure 2.3). Besides, for ZB structure, group 111 atoms take positions P2, P3
and P1 in the bilayer A, B, and C, respectively (Figure 2.4a-c). In contrast, group Il atoms in
WZ structure take positions P1 and P2 in the bilayers A and B, respectively (Figure 2.4d,e). In
other words, group 111 or V atoms in WZ structure always sit on top of the second nearest group

V or I11 atoms along the <111> direction.?®

Figure 2.3: Schematic illustrations of the atomic stacking sequence of (left panel) zinc blende and (right

panel) wurtzite crystal structures.

Planar defects form when the regular stacking sequence of the bilayers (i.e. ABCABC for
ZB structure and ABAB for WZ structure) is interrupted. Twin plane and stacking fault are the
two most commonly found planar defects in 111-V nanostructures. For example, after the regular
stacking pattern ABCA in the ZB structure, if the next bilayer is C instead of B, and followed
by bilayers B and A in turn, the stacking sequence would be ABCACBA. The stacking sequence
of the bilayers on the both side of A presents a mirror symmetry, and thus a twin plane is created
at the A bilayer. Moreover, the CAC can be treated as a thin WZ structure since it is the stacking

pattern in WZ structure (i.e. CACACA). From this perspective, all bilayers in WZ structure can

32



Basic concepts of 111-V nanostructures

be treated as a twin plane.?’” The phase transition from ZB to WZ structures is accompanied by
the formation of a twin plane. In addition, if a bilayer C is faultily stacked in the regular
ABABAB WZ structure and leads to the occurrence of ABABCAB stacking sequence, this
bilayer C is a stacking fault. And the ABCA part can be treated as a thin ZB segment in the
faulted WZ structure.

Figure 2.4: Schematic illustrations of (a-c) ZB and (d,e) WZ structures viewed along the <111> and
<0001> directions, respectively. (a-c) show the stacking of one bilayer A, two bilayers AB, and three
bilayers ABC, respectively. Three atom positions 1-3 in the ZB structures are indicated by the coloured
circles. (d,e) shows the stacking of one bilayer A and two bilayers AB, respectively, where two atom

positions are also indicated by the coloured circles.

The atomic stacking sequence can be easily distinguished by examining along the <110>
or <1120> direction. Thus, 11I-V nanostructures are commonly viewed along the <110> or
<1120> zone axis using atomically-resolved transmission electron microscopy to investigate
the crystal structures and planar defects. The band structure and optoelectronic properties of
111-V semiconductor compounds are dependent on their crystal structures,?®3! which makes the
relevant investigations (i.e. crystal structure or phase engineering) significant, including phase
perfection,®> 33 phase transition,38 type-11 band alignment?® 3%40 and twinning superlattice*®
41 In general, twins and stacking faults occur during growth along the <111> or <0001>

direction. Since the substrates of Il11-V semiconductors are of ZB structure, the WZ Il1-V
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nanostructures grow along the <111> or <0001> direction. On the other hand, this provides a
route to grow planar defect-free ZB structure by tailoring growth directions away from the <111>
direction, as reported in InP nanowires grown by gold-assisted method along the <001>
direction,** InP films along the <001> direction,*® and GaAs nanowires along the <110>
direction.” The planar defect-free ZB regions of InP nanostructures discussed in Chapter 5 are

attributed to the non-<111>/<0001> oriented growth direction.
2.4. Crystal facets of 111-V nanostructures and their polarity

In addition to crystal structures, crystal facets and polarity are important for aspects in the
nanostructure formation as will be discussed in detail in Chapters 4 and 5. 111-V nanostructures
tend to be bound by low-index facets due to their higher thermal stability compared to high-
index facets. Extensive reports in the literature show that these low-index facets generally
include {111}, {110}, {112}, {100} in ZB nanowires and {0001}, {1100}, {1120} in WZ
nanowires. A variety of combinations have been observed to form nanowire side facets, which
strongly affect the morphology and optoelectronic properties. 27 4 4952 More details of the
possible morphologies induced by different side facets of conventional <111>/<0001> oriented
nanowires can be found in theses by Joyce and Fonseka.?” “8 These low-index facets are also
predominantly observed in the various In(As)P nanostructures involved in this dissertation. For
example, as will be demonstrated in Chapter 4, all InP nanostructures with different wire-,
membrane-, prism- and ring-like shapes are of WZ structure and mainly bound with the top
facets of {0001} and side facets of {1100} and/or {1120}. Note that the competition of the side
facets {1100} and {1120} plays an important role in shape transformation of InP nanostructures
since SAE is significantly governed by the formation of facets during growth.?* In addition to
the expected {1100} and {1120} side facets, high-index facets could largely form as well in
some nanostructures with non-equilibrium shape due to the confinement effect of patterned
openings, such as the inner side facets of ring-like nanostructures and side facets of non-low-
index oriented nanomembranes with a long length (see Figures 4.13c and 4.19). For InP
nanostructures grown on substrates of different orientations (see Chapter 5) and InP/InAsP
guantum well nanostructures (see Chapter 6), their crystal facets are still dominated by these
low-index facets but of relatively complicated combinations due to the coexistence of both WZ
and ZB crystal phases and insertion of InAsP quantum well, which will be discussed in the

specific chapters.
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Figure 2.5: Schematic illustrations of (a,b) ZB and (c,d) WZ structures viewed along different
crystallographic directions, showing the atomic arrangement of low-index {111}, {110}, {112}, {0001},
{1100}, and {1120} facets.

I11-V compound semiconductors (e.g. InP) have a partially ionic character due to the
different electronegativity between group Il and V elements where electronegativity indicates
the ability of an atom to attract electrons.*® Group Il and V elements in the 111-V compounds
are generally of net positive and negative charges, respectively, which leads to the polar nature
of 111-V ZB and WZ structures.®® Consequently, the polarities of all {111} (or {0001}) facets
which are completely terminated with either group 111 or V atoms are not identical. The {111}
(or {0001}) facets terminated with group Il atoms are commonly named as A-polar, i.e.
{111}A (or {0001}A) while those with group V atoms are B-polar, denoted as {111}B (or
{0001}B), as shown in Figure 2.5a,c. Taking ZB InP structure for example, the {111}A and
{111}B can be also expressed as {111}In and {111}P, respectively.

In contrast, all the {110} facets consist of an equal number of group Il and V surface
atoms (see Figure 2.5b), and thus they are nonpolar and equivalent, which explains the

appearance of the regular hexagonal cross-section of ZB GaAs and InAs nanowires.?% 5 52
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Likewise, the {1100} and {1120} facets are nonpolar (see Figure 2.5¢,d), and often the regular
hexagonal cross-section is observed in WZ InP nanowires bound with six equivalent {1100}

side facets.>® %

For the {112} facets, the ratio of the number of group Il and V surface atoms are either
2 or %, as shown in Figure 2.5a. Thus, the {112} facets are polar and can be divided into
{112}A and {112}B with more group 11l and V atoms, respectively. More precisely, the {112}
facets are partially polar which is different from the above {111} facets since they consist of
both group 11l and V atoms rather than a single kind of atoms. The presence of crystal facet
polarity plays a key role in epitaxial growth of 111-V nanostructures due to the significant effects
on surface properties, such as surface energy and growth rate.>>® For instance, Lehmann et
al.®! reported that pure ZB and WZ InP nanowires are simultaneously grown along the <111>A
and <111>B directions, respectively. In addition, Zou et al.%? found that the lateral growth rate
of GaAs nanowires on {112}A side facet is faster than that on {112}B side facets under the
adopted growth conditions, which leads to the formation of truncated triangular nanowire cross-
section. In Chapters 5 and 6, the effect of polarity on In(As)P nanostructure growth (crystal

phase, morphology, etc.) will be discussed in detail.
2.5. Semiconductor heterostructures and homostructures

As will be shown in Chapter 5, InP nanomembranes with type-11 WZ/ZB homojunction are
grown. Moreover, to further extend the optical properties and practical functionality of InP
nanostructures, InAsP quantum wells and quantum dots are incorporated. In this section, some
basic knowledge with respect to semiconductor heterostructures and homostructures is
discussed to better understand the growth of type-11 WZ/ZB homojunction in Chapter 5 and the
corporation of InAsP in Chapter 6. Semiconductor heterostructures consist of two or more
dissimilar semiconductors with different band gaps in which heterojunctions are formed at the
interfaces. Heterostructures provide an advantage in controlling/modifying properties of the
semiconductors, making them the key component in many optoelectronic devices, such as solar
cells, light emitting diodes, lasers, and transistors.5® In particular, the band discontinuity caused
by the difference in energy bands enables electrons and holes to be spatially confined in a
desired manner. Based on the difference in energy band alignment, semiconductor
heterostructures generally can be divided into three types that are type-1 with a straddling gap
and represented by InP/InAsP and GaAs/AlGaAs, type-11 with a staggered gap and represented
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by InP/InSb, and type-11l1 with a broken/misaligned gap and represented by GaSb/InAs, as
schematically illustrated in Figure 2.6a-c.

Potential wells can be formed in the conduction and valence bands of semiconductor
heterostructures thanks to band offsets of the different semiconductors. Taking InP/InAsP
(type-1 heterostructure) for example, potential wells in both conduction and valence bands exist
in InAsP layer which is sandwiched by InP layers with a relatively large band gap, leading to
electrons and holes being trapped in InAsP layer (see Figure 2.6d). Furthermore, when the
thickness of semiconductor layers where potential wells occur are reduced to be comparable
with the de Broglie wavelength of carriers, quantum size effectss become significant.®* % These
thin sandwiched semiconductor layers are referred to as quantum wells (QWSs) in which the
carriers are confined in one dimension, leading to the quantisation of energy levels that carriers
can occupy. Quantum confinement of carriers is important for heterostructure-based devices,
such as improving luminescence efficiency and modulating emission wavelength. In addition
to the above QWs, there commonly exists another two quantum structures according to the
number of confined dimensions: quantum wires (QWRs) and quantum dots (QDs). Specifically,
in QWRs, carriers are confined in two dimensions, and thus can only move without restrictions
in one dimension; in contrast, carriers in QDs are completely confined and cannot freely move
in all three dimensions. Sharp interfaces are highly required for quantum heterostructures due
to that the embedded quantum structures are extremely small. Normally, MOCVD and

molecular beam epitaxy are used to grow these heterostructures.

Figure 2.6: Schematic diagrams of (a-c) three types of band alignment of semiconductor
heterostructures and (d) energy band diagram of InP/InAsP quantum well. (a-c) are reproduced from

Zhang et al.®
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The incorporation of quantum structures in 111-V nanowires is more flexible compared to
that in the planar structures thanks to their three dimensional geometries. Also, the nano-scale
size reduces lattice mismatch limitation and therefore enables more semiconductors to form
high-quality heterostructures.®” QWs, QWRs and QDs heterostructures have been achieved in
a variety of 111-V nanowires by the controlling axial and radial growth, demonstrating great
potentials in fundamental science and device applications.®®"® For the free-standing
nanomembranes, both top and side facets can be used for growing quantum heterostructures,

similar to that as nanowires.

Compared with semiconductor heterostructures made of different materials,
semiconductor homostructures are defined as structures consisting of the same semiconductors
but with different band gaps. As mentioned in Section 2.3 above, I11-V nanostructures can be
formed in the WZ or ZB phase with different band structures. Although both WZ and ZB InP
have direct band gaps, the WZ band gap is approximately 80 meV larger than the ZB
counterpart.3® " Thus, the nanostructures consisting of InP ZB/WZ sections can be treated as
homostructures. In particular, some of 111-V homostructures, such as InP, InAs and GaAs, have
type-11 band alignment, as shown in Figure 2.6b. Electrons and holes in these type-ll
semiconductor homostructures tend to be confined in ZB and WZ layers, respectively, which

leads to unique electronic and optical properties.?® 7273
2.6. Summary

Some basic knowledge for understanding experimental results of InP and InAsP nanostructures
in the next few chapters has been reviewed in this chapter. The general MOCVD processes,
driving force caused by chemical potential difference, and SAE processes were first discussed,
followed by the description of crystallographic knowledge with the emphasis on crystal phases,
defects, facets and polarities. Finally, some key concepts related to homostructures and
heterostructures are introduced. All these basics are useful to understand the InP and InAsP
nanostructures from various aspects, such as growth behaviours, structural and optical

properties.
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CHAPTER 3

Experimental technigues

3.1. Introduction

In this chapter, the detailed procedures of sample preparation for selective area epitaxy and the
principles of the key equipment used for sample preparation, epitaxial growth and
characterisation are discussed. Many of these experimental techniques are complex and thus, to
some extent, only the fundamentals relevant to this dissertation are discussed.

3.2.  Substrate preparation for selective area epitaxy

Figure 3.1: Schematic of patterning substrate for growing InP nanostructures using SAE technique. (a)
InP substrate. (b) Deposition of 30 nm-thick SiOx on InP substrate as a mask. (c,d) Fabricating SiOx
mask to create openings with various geometries, such as (c) conventional holes, (d) slots and rings. (e,f)
InP nanostructures grown from the corresponding openings on the patterned InP substrates. Note that
the morphology of grown InP nanostructures is dependent on substrate orientation which will be

discussed in Chapter 5.
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Figure 3.1 schematically shows the key processing steps for SAE growth of nanostructures. To
grow nanostructures at selective areas and of desired geometries, first we need to prepare
patterned substrates using a top-down etching technique. Below, the details of substrate

preparation are discussed step by step.
Step 1: Substrate selection (Figure 3.1a).

All substrates used in this dissertation are single-side polished epi-ready InP wafers with a
diameter of 50.8 mm from AXT, Inc. Their surface orientation is vital to the growth of
nanostructures (see Chapters 4 and 5). {111}A, {111}B, {100} and {110} oriented InP
substrates are used. However, the growth dependence on the doping and conductivity type of
substrates is not observed. Nevertheless, semi-insulating iron-doped substrates are preferred
since they have lower photoluminescence and cathodoluminescence intensity and interfere less

with the optical signals from the nanostructures.
Step 2: Deposition of SiOx mask (Figure 3.1b).

An approximate 30 nm-thick SiOx layer is deposited on the selected InP substrates using an
Oxford Plasmalab 100 Dual Frequency Plasma-Enhanced Chemical Vapour Deposition
(PECVD) system featuring a load-lock. As a well-established technique, PECVD has been
widely used to deposit various thin films (SiOy, SiNy, etc.) with high uniformity and rate (tens
of nm per minute) at a relatively lower temperature compared with conventional CVD. Here,
“x 1s utilised in the chemical formula of silicon oxide and silicon nitride in consideration that
these PECVD deposited thin films are rarely stoichiometric.! The chamber has two parallel
electrodes (Figure 3.2). The upper electrode is connected with two plasma generators operated
at 13.56 MHz and 50-450 kHz respectively, while the lower electrode is electrically grounded
and worked as a sample holder. The ability to use mixed high and low frequencies allows
control over the stress of film. During deposition, the lower electrode is heated to 300 °C to
improve the density and quality of the film and the pressure is maintained at 650 mTorr. Source
gases SiH4 and N2O and carrier gas N are introduced into the chamber with the flow of 9, 710
and 161 sccm, respectively. The plasma of reactant gases is generated by capacitive coupling
discharge between two electrodes under the radio frequency power of 20 watts. After a series
of chemical reactions, the reaction product of SiOy is deposited on InP substrate. Deposition
time is less than 1 min to obtain a 30 nm-thick SiOx film. A JA Woollam M-2000D ellipsometer

is used to measure the thickness of deposited SiOx on InP substrate.
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Figure 3.2: Schematic of a PECVD process chamber.?

Step 3: Spin-coating of electron beam resist.

Two thin layers of hexamethyldisilazane (HMDS) and diluted ZEP520A (volume ratio of
ZEP520A and Anisole, 1:2) are spin-coated on the SiOy/InP substrate in turn using a spin coater
at 500 rpm for 5 seconds and 4000 rpm for 45 seconds. ZEP520A is a high-resolution positive
electron beam resist (e-resist) and has a high resistance to dry etching. HMDS is used to
improve the adhesion between SiOyx and e-resist. To minimise the contamination of substrate,
we recommend carrying out this step as soon as possible after the deposition of SiOx. The

thickness of spin-coated polymer is approximately 80 nm, measured by the ellipsometer.
Step 4: Baking.

After spin-coating, the substrate is baked in an oven at 170 °C for 30 min.

Step 5: Electron beam lithography.

Electron beam lithography is a versatile technique that uses an electron beam (e-beam) to
expose electron-sensitive resist and then create extremely fine patterns. It has been widely used
in nanofabrication thanks to its high-resolution and flexibility in creating arbitrary patterns.
EBL system derives from scanning electron microscopy in the middle of the last century.® It is
a very complex instrument, but the basic components are far less, as schematically illustrated

in Figure 3.3. Basically, in a high vacuum column, electrons are first generated by an electron
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gun (thermionic or field emission) and accelerated by an electrostatic field. Subsequently, these
electrons are modulated by passing through electron-optics consisting of electromagnetic lenses
and deflection coils etc., and finally focused on the e-resist covered substrate. The deflection
coils are used to deflect e-beam for writing designed patterns without moving substrate. The
area that e-beam can be reached by the deflection system is referred to as “write field”, which
is different in different EBL systems. When a designed pattern is larger than write field,
generally substrate needs to be moved, which could be realised by mounting substrate on a
high-precision stage. Within a write field, there are different ways, such as raster scanning and
vector scanning, for scanning of the e-beam across the e-resist surface. By turning on/off the e-
beam based on the designed patterns during scanning, the e-resist is selectively exposed. For

example, three different geometries are exposed in this thesis, as shown in Figure 3.3b.

The resolution of optical lithography is fundamentally limited by the diffraction limit to
approximately half the wavelength of the light used.* For EBL, the diffraction limit is no longer
an issue since high-energy electrons have much shorter wavelengths (0.012 nm at 10 keV).
Therefore the EBL resolution is ultimately related to the spot size of focused e-beam and
scattering of electrons in the resist and substrate.® In a dedicated EBL system, the spot size can
be focused to as small as 1 nm.® As electrons penetrate the resist, they scatter forward with
small angles (forward scattering), which broaden the beam diameter. Additionally, some of
electrons scatter at large angles as they pass through the resist into substrate (backscattering),
which leads to that the region receiving extra electrons from nearby ones during exposure (i.e.,
proximity effect).” Despite of these limitations, EBL has the ability to produce patterns at the
nanoscale, with feature size of 10 nm or smaller. For example, Manfrinato et al. reported 2 nm
isolated features and 5 nm half-pitch fabricated by a EBL system with an aberration corrected
scanning transmission electron microscope.® In addition, the electron dose, defined as (dwell
time x beam current)/area, is a key parameter for fabricating the desired pattern arrays. Dose

values between 40 and 104 uC/cm?are used in this work.

In this thesis, a Raith150 EBL operated at 10 keV is used to write the required patterns on

the e-resist film.
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Figure 3.3: Schematic diagram of electron beam lithography.

Step 6: Development.

E-resist is chemically altered with irradiation by electrons. As a result, the exposed areas of
positive resist or unexposed areas of negative resist can be dissolved in an appropriate chemical
solution (developer). In our case, after EBL patterning, samples are dipped in the developer (n-
Amyl acetate) for 30 s to remove the electron irradiated areas, in order to expose the underlying
SiOy, and then rinsed by IPA (isopropyl alcohol) for 30 s. Samples are dried using a N2 gun.
Finally, to ensure that e-resist is completely removed in the exposed areas, oxygen plasma
cleaning is carried out using a PVA TePla barrel etcher. 300 sccm oxygen is introduced to the
chamber while the system is operated at 600 Watts for a few seconds and then 100 Watts for

approximately 2 min.
Step 7: Reactive ion etching

In this step, we use a dry etching method, reactive ion etching (RIE) to remove the underlying
SiOx layer that is exposed after the removal of the e-resist. RIE is a plasma-based etching
process and widely applied in micro- and nano-fabrication thanks to the higher accuracy and
directional (or anisotropic) etching ability compared with solution-based wet etching. RIE
system consists of a pair of parallel plates built in a vacuum chamber. The top plate (anode) is
grounded while the bottom one (cathode), on which samples are mounted, is connected to the
coupling capacitor and radio frequency (RF) source (generally at 13.56 MHz). By applying RF
power, the gas between two plates is ionized under low pressure, generating a plasma consisting
of electrons, ions, and energetic radicals. A high concentration of electrons soon accumulate on

the capacitively coupled electrode (bottom plate) because of high mobility, forming a DC bias.
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On one hand, the chemically reactive species in plasma react with the materials to be etched,
such as SiOy layer, and produce volatile reaction products. On the other hand, the positive ions
being accelerated by the DC bias bombard the sample downward and etch materials by
sputtering. The vertical etching rate is much higher than lateral etching rate due to the
directional physical bombardment, which contributes to the anisotropic characteristic of the
etched profiles, regardless of the crystal orientations of the substrate.

In this thesis, the SiOy layer is etched using an Oxford Plasmalab 80Plus RIE system with
the active gas CHFz at a flow of 25 sccm, pressure of 30 mTorr, RF power of 100 Watts. Under
the above optimized conditions, the etching rate for the PECVD deposited SiOyx is
approximately 15 nm/min.

Step 8: Remove e-resist

After RIE, the surface of remaining e-resist is damaged by high-energy ion bombardment. We
first use oxygen plasma to clean the damaged layer, and then immerse the samples into the ZEP
remover (dimethylacetamide) solution overnight. Samples are then dried by a N2 gun and
cleaned again using oxygen plasma. Both oxygen plasma treatments are carried out in a PVA
TePla barrel etcher under the conditions given in step 6. Figure 3.1c,d shows the patterned
substrates after removing e-resist where openings with various geometries are created in the

SiOx layer.
Step 9: Trim etching

Consider that InP substrates can be damaged during the deposition and etching of the SiOy layer,
the last step of sample preparation, i.e. trim etching, is performed to obtain a high quality InP
surface suitable for epitaxial growth. 30% H2O: solution is used to oxidize a superficial InP
layer for 2 min which is then removed by a diluted HsPO4 solution (20 ml 85% HsPOa solution
and 130 ml deionized water) for 2 min.® These two steps are repeated ten times and samples are
rinsed using deionized water in between. After trim etching, the patterned substrates are
immediately loaded into the metalorganic chemical vapour deposition (MOCVD) reactor for
the subsequent epitaxial growth.

3.3. Epitaxial growth

Two different Aixtron MOCVD reactors, i.e. the 200/4 horizontal flow reactor and close
coupled showerhead (CCS) reactor, are used to grow In(As)P nanostructures investigated in
this dissertation. MOCVD is also known as metalorganic vapour phase epitaxy (MOVPE),
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OMCVD and OMVPE, of which MO (metalorganic) represents the precursor molecules and
CVD (chemical vapour deposition) indicates the growth mechanism.'® MOCVD research can
be traced back to the patent (September, 1954) filed by Scott et al. and rapidly developed in the
early 1970s thanks to the significant contributions made by Manasevit and co-workers in the
late 1960s.1%-12 More details of the MOCVD technique are available in the book written by
Stringfellow.° In addition, MOCVD is capable of growing compound semiconductor materials
with ultra-high purity and atomically abrupt interface over wafer scale and a high growth rate,
which make it widely applied in the industry and academic research. Till now, this technique
can produce almost all 111-V and 11-VI compound semiconductors covering binary, ternary and

quaternary materials.

Some InP nanostructures in Chapter 4 and all in Chapter 5 were grown by a horizontal
flow MOCVD system, as shown in Figure 3.4a,b. The rest of InP nanostructures in Chapter 4
and InP/InAsP nanostructures in Chapter 6 were grown by a CCS MOCVD system. The main
purpose of using these two reactors is to demonstrate the growth of our InP nanostructures can
be ported between different growth systems relatively easily. The major difference between
these two systems is the reactor chamber where epitaxial growth takes place. Both reactor
chambers have a silicon carbide coated graphite susceptor accommodating three two-inch
substrates. While the reactant gases are introduced from one side with the laminar flow parallel
to the substrates in the horizontal reactor (see Figure 3.4b), they are vertically injected into the
CCS reactor through an array of small gas channels in the top ceiling like a bathroom
showerhead (see Figure 3.4c).'® Both susceptors are rotatable, which together with the
elaborately designed reactors make the reactant gases evenly distribute over all substrate wafers.
In addition, the susceptor temperature is controllably heated up and maintained by a three-zone
infrared lamp and three-zone resistive heating coils in the horizontal and CCS reactors,
respectively, to ensure that the temperature is evenly distributed across the susceptor. The
uniform distributions of gaseous reactants and temperature are vital in achieving high

uniformity and reproducibility for epitaxial growth.

The MOCVD system is extremely complex. In despite of the difference in reactors, the
horizontal and CCS MOCVD systems are similar to each other in many aspects. Briefly, highly
purified Haz, being filtered by a palladium-silver membrane, is used as the carrier gas. To grow
I11-V  compound semiconductors, metalorganic (metal alkyl) precursors, such as
trimethylindium  (In(CH3)3, TMIn), trimethylgallium (Ga(CHs);, TMGa) and

trimethylaluminium (AI(CHz3)s, TMAI), are used to provide group Il elements of In, Ga and
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Al, respectively. They are stored in sealed stainless steel cylinders and kept under controlled
temperature and pressure. These precursors are transported to reactors by flowing H2 which
acts as a carrier gas. In contrast, group V elements are provided by hydrides, such as AsHz for
As and PHz for P. They are stored in pressurized cylinders and transported to reactors in the
lines different from metalorganics to avoid pre-reaction before reaching the reactors. The
amounts of precursors being delivered to reactors can be precisely controlled by electronic mass
flow controllers. As can be seen in Figure 3.4b, the pipelines for delivering metalorganics and
hydrides consist of run and vent lines, through which precursors are transported to the reactor
and exhaust, respectively. This design aims to stabilize the gases before entering the reactor and
avoid fluctuation and turbulence. Note that the total flows for metalorganic lines and hydride
lines are fixed at 5 and 10 standard litres per minute (slm), respectively, in the horizontal
MOCVD system while that are maintained equally at 5 sim in the CCS MOCVD system.

Figure 3.4: (a) Photo and (b) schematic illustration of the Aixtron 200/4 horizontal MOCVD system

used in this work.* (c) Schematic diagram of a the CCS MOCVD reactor used in this work.*®
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Both reactors are operated at a low pressure (100 mbar). The relatively low pressure helps
to eliminate parasitic nucleation in the gas phase and improve interface sharpness, etc.'® After
the metalorganics and hydrides reach the substrates placed on a heated susceptor, epitaxial
growth occurs. Although the overall growth process is highly complicated, it can be simplified
as the pyrolysis of precursors and the reactions of the pyrolysis products.’® For example,
In(CH3)3 + PH3 — InP + 3CHj4 describes the formation of InP. The exhaust including unreacted
precursors, reaction by-products and carrier gas are passed through a scrubber filled with
activated carbon to remove toxics before being disposed. The effect of growth parameters, such
as growth temperature, amount of precursors, on the morphology and property of the material
deposited will be discussed in later chapters.

3.4. Electron microscopy

In this section, several characterization techniques related to electron microscopy are employed
to systematically analyse In(As)P nanostructures grown by SAE method in terms of

morphology, structure, luminescence, and composition.
3.4.1. Interaction between electrons and matter

We see small things with the aid of an optical microscope by collecting light generated or
reflected from them. In this process, photons with the wavelength in the visible ranges
(approximately 400-700 nm) act as the media. However, the resolution, defined as the least
distance between two objects that can be resolved, of the optical microscope is limited to about
200 nm because of diffraction limit. To see smaller things, such as the nanostructures discussed
in this dissertation, a beam of electrons having the wave-like nature with extremely short
wavelength can be used instead of visible light.

Electron microscopy is a powerful technique which uses an electron beam to illuminate a
specimen and create its image at high resolution and magnification. More interestingly, one can
obtain a wealth of information in addition to small features of the specimen by collecting and
analysing the electron-excited signals. Figure 3.5 schematically illustrates the interaction of an
incident electron beam with the specimen and lists some of produced signals, such as Auger
electrons, secondary electrons (SEs), backscattered electrons (BSEs), cathodoluminescence
(CL) and characteristic X-rays. Note that if the specimen is very thin, electrons may pass

through the specimen without interruption or after experiencing a series of elastic and inelastic
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scattering. Those electrons are referred to as transmitted, elastic and inelastic electrons,

respectively, as shown in Figure 3.5.

Figure 3.5: Schematic illustration of signals generated by the interaction of an electron beam and a

specimen.

If an inner-shell electron of an atom is removed by the incident electron beam, a higher-
energy electron fills up the vacancy while the released energy could eject an outer-shell electron,
forming an Auger electron. Auger electrons originate from the specimen surface (within 1 nm)
and carry compositional information. SEs are electrons ejected from the outer-shell of atoms
because of the inelastic interaction between the primary incident electrons and the specimen.
Since they are low-energy electrons (typically <50 eV), only those close to the specimen surface
(depth within 5-50 nm) can escape without being re-absorbed in the specimen. The produced
SEs are highly related to the topography of the specimen and therefore can be used for
morphology characterization. Some of the incident electrons could be elastically scattered by
the specimen atoms backward, which are knowns as BSEs. Compared with SEs, BSEs have

generally higher energy and therefore deeper escape depth (see Figure 3.5). The possibility of
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electrons being elastically backscattered away from the specimen increases with the increase of
atomic number, which leads to elements with higher atomic number appearing brighter. In
addition to the compositional variation, BSEs can provide more information related to
topography and crystallography. Instead of Auger electrons, characteristic X-rays can be
produced when the outer-shell electrons of an atom jump to fill up the vacancy in the inner-
shell as a result of inelastic scattering. The frequencies of these X-rays are determined by the
energy difference between the two shells, which makes them characteristic to each element.
Thus, characteristic X-rays can be used to analyse the chemical composition of the specimen.
When the incident electrons interact with the specimen, electron-hole pairs can also be
generated as a result of electron transition from the valence band to the conduction band. The
radiative recombination may occur which leads to emission of photons with the wavelength
varying from ultra-violet to infrared ranges. CL signals provide the optical and electronic
information of the specimen. If the specimen is very thin (approximately <200 nm), some
electrons pass through it and can be collected to obtain the information respect to the internal

crystal structure of the specimen.
3.4.2. Scanning electron microscopy (SEM)

In this dissertation, an FEI Verios 460 SEM system is used for morphology characterization to
acquire the information of the nanostructures, such as shape, dimension (length, height,
thickness, etc.), surface quality, crystal facet, and uniformity. Additionally, an FEI Helios
Nanolab FIB system with basic SEM functionality is occasionally utilized for the same purpose.
In SEM, SEs are generated by scanning (rastering) a focused electron beam onto the sample
which are then collected for imaging. Samples should have decent conductivity, otherwise,
deposition of a thin conductive film (Au or C) is needed to decrease the impact of charging.
Since the semiconductor samples involved in our work are reasonably conductive, such a

coating is not required.

Figure 3.6 shows the simplified ray diagram of an SEM system for basic imaging
functionality. In the vacuum column, electrons are generated from an electron source (field
emission tip in our case) and accelerated with an accelerating voltage (typically 1-30 keV),
forming a coherent electron beam. The electron beam is shaped and finally focused on the
specimen surface like a probe after passing through a series of electromagnetic lenses and
steerers, and apertures. The resolution of SEM images is limited by the electron beam diameter

on the surface with smaller diameter improving the resolution.
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The number of SEs produced is related to the topography of the specimen surface. In short,
the number is the smallest when the incident electron beam is perpendicular to the surface while
it increases with the increase of the angle between the incident electron beam and surface
normal. The generated SEs are collected in synchrony with the raster scanning of a focused
electron beam and further processed for producing a greyscale image on the viewing screen.
The SEM images are essentially created based on the strength variation of secondary electron

signals and reflect the topographical difference of the specimen.

Figure 3.6: Schematic diagram of an SEM system for imaging purpose using SEs.

The depth of field, defined as the height of a specimen being imaged in focus, of an SEM
system is more than 300 times than that of an optical microscope. This advantage makes the
SEM better to image nanostructures. The use of smaller aperture can reduce the convergence
angle (i.e. a, see Figure 3.6), and hence increases the depth of field. But, it also decreases the
number of SEs. We have to make a trade-off between them. Besides, to acquire a high-quality
SEM image, some parameters need to be optimized, such as accelerating voltage, beam current,

and working distance (distance between the bottom column and specimen surface).
3.4.3. Cathodoluminescence

Cathodoluminescence (CL) is a non-destructive technique commonly used to investigate the
optical and electronic properties of inorganic solids, such as semiconductors.t” Compared to
photoluminescence, CL has a higher spatial resolution (sub-50 nm) and can apply to

semiconductor materials with a large bandgap (> 3 eV). The former makes it the dominant
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method for optical characterisation in this dissertation. CL measurement is predominantly
carried out in an SEM environment equipped with various components such as a luminescence
collection mirror, spectrometer and detectors. CL in Chapters 4 and 5 as well as the nanowire
CL in Chapter 6 were obtained on an FEI Verios 460 SEM system equipped with a Gatan
MonoCL4 Elite CL spectroscopic system at the Australia National University while the
nanomembrane CL results in Chapter 6 were acquired on an FEI Quanta 200 ESEM with CL
Spectroscopy and Moran Scientific CL Mapping System at the University of Technology
Sydney.

The CL measurements carried out at The Australian National University only involve
emission in the wavelength range of approximate 800-1000 nm, as schematically illustrated in
Figure 3.7. A parabolic mirror made of aluminium is inserted into the SEM chamber to
efficiently collect the emitted CL signals. A precise alignment is required to ensure that the
specimen is placed at the focal point of the parabolic mirror and the collected light is collimated
before entering the spectrometer or detector. This is done to maximise the collection efficiency.
In operation, two different modes, panchromatic and parallel, were implemented to produce
panchromatic and spectral images, respectively, depending on the selected light path. For
panchromatic imaging, all photons effectively collected by the mirror are introduced to a Si
photomultiplier tube (PMT) with detecting range from UV to approximately 1000 nm. The
panchromatic image is an intensity map of emitted photons regardless of their wavelength over
the scanning area, which can be used to analyse the crystal quality, emission intensity and
uniformity of nanostructures (see the bottom light path in Figure 3.7). Alternatively, the light
can be dispersed by a grating and then detected by a Si-based CCD in parallel (see the top light
path in Figure 3.7), finally producing the spectral images. Each pixel in the spectral image
contains both spatial and spectral information. After post-processing, a lot of information about
the investigated nanostructures can be obtained, such as spectrum at any arbitrary position,
emission intensity distribution within a specified wavelength range, and distribution of CL peak
wavelength. Since the bandgap of wurtzite InP is approximately 80 meV higher than that of
zinc-blende InP,* the distribution of CL peak wavelength, i.e. CL peak wavelength image, can

be used to indicate the distribution of the crystal phase.
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Figure 3.7: Schematic of the Gatan MonoCL4 Elite CL spectroscopic system equipped on the FEI
Verios 460 SEM system. The set-up shows panchromatic and parallel operation modes.

In Chapter 6, CL emission of InP/InAsP quantum well nanomembranes in the wavelength
ranges of approximate 800-1000 nm and 1100-1600 nm are separately characterised using an
FEI Quanta 200 ESEM with CL system. This system has the similar configuration for light
collection as shown in Figure 3.7. However, an optical fibre is utilised to guide the collected
light into the QE6500+ spectrometer or the Oriel MS257 monochromator connected to the
specified detectors. CL spectral images are finally created within the two different wavelength
ranges. More details of the set-ups in this system can be found in the doctoral thesis of Dr. Mark

Lockrey.!® Note that all CL results in this thesis were acquired at the room temperature.
3.4.4. Transmission electron microscopy

Transmission electron microscopy (TEM) is a powerful technique for microanalysis in the field
of materials science. While a beam of high energy electrons (hundreds of kV) is shaped and
directed to illuminate the specimen, electrons exiting from the back side are used to acquire
various internal information about the specimen, such as crystal structure and defects. In
addition to the high accelerating voltage, there is a great demand on the specimen thickness
(typically <200 nm) to ensure that the sufficient electrons are passed through the specimen, as

illustrated in Figure 3.5.

In this dissertation, only a few nanowires and nanomembranes are thin enough for the
direct TEM examination after being mechanically transferred to a holey carbon coated copper
grid. Preparation of thin TEM lamellae is required for the majority of nanostructures. All TEM
lamellae are prepared by milling the nanostructures along specific orientations using a focused
ion beam (FIB). This is carried out by an FEI Helios 600 Nanolab Dual-beam FIB/SEM system.
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Firstly, Pt is mildly deposited using an electron beam (2-3 kV and 2.7 nA) to cover the
nanostructures and fill up the gaps in between to protect them from ion milling damage.
Moreover, the electron beam can be used to monitor the whole processing by SEs imaging.
Subsequently, the redundant parts on both sides of the area of interest (AOI) are alternately
removed by a focused Ga ion beam. A strong FIB (30 kV and 6.5 nA) is used at the beginning
to roughly mill materials around the AOI with a high rate. As the milling proceeds, both
accelerating voltage and beam current of the FIB are gradually dropped to reduce the damage
of the AOI. The final TEM lamellae in this dissertation generally have the thickness less than
100 nm which is suitable for the atomically-resolved imaging. These lamellae are attached to

holey carbon coated copper grids or FIB lift-out grids for TEM examination.

In a TEM system, a beam of high energy electrons is shaped by the condenser lens system
before illuminating the specimen. Figure 3.8 shows the simplified ray diagrams of the basic
diffraction and image modes when the incident electrons are parallel (i.e. parallel beam
illumination). As described in Figure 3.5, electrons can penetrate the specimen in different ways,
forming the directly transmitted beam parallel with the incident electron beam and the
elastically/inelastically scattered beams. All these electrons carrying the specimen information
pass through the objective lens and then form an image or diffraction pattern at the intermediate
image plane and back focal plane, respectively (see Figure 3.8). The image and diffraction
pattern can be alternatively projected on the fluorescent screen or CCD camera through the
intermediate lens with an adjustable strength and projector lens. A selective area aperture (SAD)
is available at the intermediate image plane to select the area of the specimen from where the
diffraction pattern is formed. The objective aperture is used to choose the electron beam for

imaging.

Diffraction pattern is caused by Bragg scattering when electrons are passed through the
crystalline specimen. It is related to the crystal structure and incident angle of the electron beam
with respect to the crystal planes. In this dissertation, the diffraction pattern is frequently used
to align TEM lamellae and determine the ZB and WZ crystal phases. Furthermore, diffraction
pattern can be used to investigate defects, strain, and composition. Based on the different types
of electrons selected by the objective aperture at the back focal plane for imaging, i.e. directly
transmitted (unscattered) electrons or scattered electrons, either a bright field or dark field
image can be formed. The background in the bright and dark field images is bright and dark,

respectively. Bright field images provide better contrast since the areas in the crystal specimen
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which are thicker or have higher mass density appear darker compared to the other areas. On
the other hand, the dark field images show the crystal defects more clearly.

Figure 3.8: Ray diagrams of diffraction mode (left panel) and imaging mode (right panel) in a TEM

system.?°

High resolution TEM (HRTEM) imaging is a powerful mode in the modern TEM system
which uses the interference between the transmitted and scattered electron beams to form phase
contrast images referred to as HRTEM images. HRTEM images are acquired at an extremely
high magnification with the incident electron beam along the low-index orientations (<110> or
<1120> zone axis in our case). These images have the ability to provide information at the

atomic scale.

TEM can also be operated when the incident electron beam is focused to a fine spot and
scanned onto the specimen in a raster way, which is known as scanning TEM (STEM). In the
STEM operation mode, there are two types of detectors which are typically used for imaging,
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i.e. bright field detectors and annular dark field detectors. The former collects directly
transmitted electrons over a disc-like area while the latter collects the scattered electrons with
high scattering angles over an annular area. The images are referred to as bright field and high
angle annular dark field (HAADF) images, respectively. The scattering of electrons as they pass
through the specimen is strongly affected by the atomic number, which makes HAADF imaging
capable of distinguishing different atoms which are displayed in the images with the different
intensities. In addition to the imaging of STEM, energy dispersive X-ray (EDX) spectroscopy
can be performed by detecting the characteristic X-rays for compositional analysis, which will

be discussed in Section 3.4.5.

A JEOL JEM-ARMZ200F aberration-corrected STEM at the University of
Wollongong and a JEOL 2100F TEM at the Australian National University are used for
structural characterisation in this dissertation. Both systems were operated at 200 kV. At 200
KV, they feature extremely high resolutions of <0.08 nm and 0.23 nm, respectively. Moreover,
the EDX analysis of InP/InAsP nanomembranes discussed in Chapter 6 is carried out by the

aberration-corrected STEM system.
3.4.5. Energy dispersive X-ray spectroscopy

In this dissertation, an energy dispersive X-ray spectroscopy, referred to as EDX, EDS, or
XEDS, equipped in a JEOL JEM-ARMZ200F aberration-corrected STEM system at the
University of Wollongong is used to analyse the chemical composition of InAsP quantum
structures in Chapter 6. Although EDX can also be carried out in an SEM system, the spatial
resolution in a TEM system is higher because of the high accelerating voltage and thin specimen,
which makes it better for analysing quantum structures at the nanometre scale.

As mentioned in Section 3.4.1, X-rays are the by-products of the interaction between an
incident electron beam and atoms in the specimen. More specifically, it is the interaction of an
incident electron with an inner-shell electron of an atom in the specimen resulting in its removal
and leaving a vacancy in the inner-shell. The ionised atom is unstable and thus, an electron from
the outer-shell transfers to fill the vacancy while a X-ray photon is generated with the energy
the same as the energy difference between the inner- and outer-shells.?* The process of X-ray
emission is schematically shown in Figure 3.9. The underlying mechanism for identifying
elements using the emitted X-ray signals is that the energy difference between two shells of
each element is unique. Note that EDX technique is applicable to elements with atomic

number >3 (>11 for quantitative analysis) and capable of detecting the minor elements as low
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as approximately 0.01-0.1 weight percentages in the TEM environment.? The Siegbahn
notation is generally used to name a specific Characteristic X-ray, for example “In Ka” where
the element (In), inner-shell (K) from where an electron is ejected by an incident electron, and
relative outer-shell from where an electron fills the vacancy in the inner-shell, respectively. o
represents that the electron used to fill the vacancy is from the closest outer-shell, followed by
B from the second closest outer-shell. In addition to characteristic X-ray, Bremsstrahlung X-
rays, also known as continuum or background X-rays, can be generated with the deceleration

of incident electrons because of inelastic scattering with atoms in the specimen (see Figure 3.9).

Figure 3.9: Schematic diagram of X-rays emission as a result of interaction with incident energetic

electrons.

In operation, EDX analysis is carried out in STEM mode with a focused electron beam
illuminating the specimen. The generated X-ray photons are detected by a JEOL Centurio SDD
detector and then further processed before displaying as a spectrum of count (intensity) versus
energy of the characteristic X-rays. Point-scan, line-scan and mapping are three common ways
to analyse the elemental distributions at the point, line and area of interest, respectively. EDX

technique is capable of both qualitative and quantitative analysis of chemical composition. The
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quantitative analysis of InAsP quantum structures can be realised by comparing the relative
intensity of P element with the binary InP reference.

3.5.  Time-resolved photoluminescence spectroscopy

Photoluminescence (PL) is the emission of light from materials as a result of the illumination
with photons. The main difference between PL and CL is that the radiation source of PL is
photons rather than electrons in CL. In semiconducting materials illuminated by photons with
the energy higher than their band gaps, electrons in the valence band can be excited to the
conduction band, generating electron-hole pairs. PL arises from the radiative recombination of
these carriers. PL emission carries a wealth of information about the materials being
investigated, such as band gaps, crystal phases, electronic states, crystal qualities, and
impurities.?>?* PL spectroscopy is an efficient and non-destructive technique used to investigate

the electronic structures and optical properties of the target materials.

PL spectroscopy has various variants and therefore different functionalities thanks to the
flexibility in changing configurations. Figure 3.10 schematically illustrates the time-resolved
PL spectroscopy (TRPL) at the Australian National University that is used for investigating the
optical properties and crystal qualities of InP nanostructures in this dissertation by measuring
the decay of the PL signal at a certain wavelength and extracting carrier lifetimes. The TRPL
system is constructed based on a Nikon Eclipse L150 optical microscope where two 100x Nikon
objective lenses with the numerical apertures of 0.9 and 0.7 are used to focus the laser beam to
a small spot, which enables the measurement of individual nanostructures on the sub-

micrometre scale. Thus, this system also acts a micro-PL.
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Figure 3.10: Schematic diagram of the TRPL system used in this dissertation.

As shown in Figure 3.10, 300 fs laser pulses are generated from a diode pumped solid-
state laser (femtoTRAIN IC-Yb-2000, 1044nm, 20.8 MHz) and frequency doubled to 522 nm
by a LBO frequency doubling crystal. Subsequently, the 522 nm pulsed laser beam is split into
two by a beam splitter. The first beam is modulated and passed through the objective lens,
forming a focused beam spot to excite the individual nanostructures. The PL emission from the
specimen is collected by the same objective lens and directed into a spectrometer (Acton,
SpectraPro 2750). After being spectrally dispersed, the PL signal can be detected by a CCD
camera (Princeton Instruments, P1XIS) and form the PL spectrum as a plot of wavelength versus
intensity. To acquire carrier lifetimes, we first used the time-correlated single photon counting
(TCSPC) technique to measure the PL decay. The second split beam is directed into a
photodiode which generates the signal for starting photon counting. In the spectrometer, the PL
emission at a selected wavelength is directed into a single photon avalanche diode (SPAD) and
generates a signal for stopping the photon counting. Both “start” and “stop” signals are
generated within the same cycle of the pulsed laser (approximate 48 ns in our case). The time
interval between the excitation and photon generation in a pulsed cycle is recorded by the
TCSPC system (PicoHarp 300). After many cycles, a histogram of the emitted photon counts
versus time interval is obtained, showing the PL decay. Carrier lifetimes can be extracted from
the PL decay curves and serves as an important indicator of the crystal quality of InP

nanostructures.
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The TRPL system is capable of measuring the specimen at low temperatures (down to
approximately 10 K), which is achieved by placing the specimen in a continuous flow He
cryostat. A 100x objective lens with a numerical aperture of 0.7 is utilised in this case since it

has a long working distance.

3.6. Summary

In this chapter, the basic operations and principles of experimental techniques related to this
thesis are described. In Section 3.2, the detailed procedures of preparing patterned substrates
for SAE and the equipment used, such as PECVD, EBL RIE, are discussed. In Section 3.3, the
two MOCVD systems used for growing nanostructures presented in this dissertation are
outlined, while in Sections 0 and 3.5, various characterisation techniques including SEM, CL,
TEM, EDX, and TRPL are discussed which are used for morphological, structural,

compositional and optical analysis of the nanostructures.
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CHAPTER 4

Shape engineering of InP nanostructures grown
by selective area epitaxy on {111}A InP

substrates

4.1. Introduction

The extensive research of group I11-V semiconductors at the nanometer scale in the last two
decades has revolutionized nanoelectronics and nanophotonics.! 2 Recently, greater demand for
I11-V nanostructures with more sophisticated geometries other than one-dimensional nanowires
is expected, as discussed in Chapter 1. Unfortunately, systematic investigation of manipulating
the desired shapes and understanding the transformation mechanism of nanostructures is still
missing. In this chapter, we thoroughly investigate SAE of higher order of InP nanostructures
(two- and three-dimensional shapes) on {111}A InP substrates which are commonly used for
growing vertical nanowires. The growth parameters (i.e., V/III ratio and temperature) are
optimized by analyzing their effects on morphological and optical properties of InP
nanostructures. After optimization, we achieve highly uniform arrays of WZ InP nanostructures
with membrane-, prism- and ring-like geometries. The morphological changes of
nanostructures with V/I1I ratio, growth temperature, pattern dimension, and growth time are
discussed in details. Based on these experimental results, we explore the shape transformation
mechanism of these nanostructures with the help of a thermodynamic model. This also provides
underlying theoretical concepts for designing and achieving nanostructures of other shapes. All
InP nanostructures grown under optimal conditions show perfect WZ crystal structure
regardless of their geometries. Moreover, CL results show strong and highly homogeneous
emission from both ensemble and single elements of these nanostructures, indicating their
excellent optical properties. This chapter shows the possibilities of obtaining other functional
nanostructures using a bottom-up pathway to produce shape-engineered devices.
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4.2.  Experimental methods

All InP nanostructures discussed in this chapter were grown on {111}A InP substrates by the
SAE technique. Prior to growth, the substrates with a 30 nm-thick SiOx mask were patterned
using the procedure detailed in Chapter 3.2. As for openings, various geometries were designed,
with a focus on nanoslots and nanorings to grow membrane- and ring-like nanostructures,
respectively. We designed directions of nanoslots along <101>, <112>, and 0 off (i.e., the angle
between nanoslot direction and <101> is 0) orientations. Moreover, a large range of nanoslot
lengths and nanoring diameters were considered to investigate the shape evolution of InP
nanostructures and understand their formation mechanism. After trim etching, the patterned

substrates were immediately loaded into the MOCVD reactor for epitaxial growth.

In this chapter, two different MOCVD reactors, a CCS reactor (Aixtron 3x2’") and a
horizontal flow reactor (Aixtron 200/4), were utilized. The CCS reactor was used to optimize
the growth conditions in terms of temperature and V/I1I ratio. Then, we used the horizontal
reactor to test epitaxial reproducibility and carry out the time-dependent growth. The same
nanostructures could be grown in the different types of reactors, suggesting the high
reproducibility of our work. Both CCS and horizontal reactors operated at a low pressure of
100 mbar and used ultrahigh purity H. as a carrier gas with a total flow of 10 I/min and 15 I/min,
respectively. Trimethylindium (TMIn) and phosphine (PH3) were used as precursors for In and
P elements, respectively. All substrates were first annealed in PHz ambient at the susceptor
surface temperature (SST) of 658 °C in the CCS reactor or at the temperature of 750 °C in the
horizontal reactor. Note that the SST in the CCS rector is measured by the in situ EpiTT while
the temperature in the horizontal reactor was measured via a thermocouple imbedded in the
susceptor. After 10 min annealing, epitaxial growth was carried out once the reactors reached
the target conditions. Specifically, the molar fractions of PHs for CCS and horizontal reactors
were 1.90-2.80x107 and 2.67x10°® while those of TMIn were set to be 9.41x10° and 9.07x10°
6 respectively. The SST of CCS reactor was changed from 593 to 680 °C while the temperature
of the horizontal reactor varied from 650 to 750 °C. The growth time of InP nanostructures
grown by CCS reactor was fixed at 3 min. Furthermore, two different growth times, 7 and 14

min, were implemented in the horizontal reactor.

The morphology of InP nanostructures was characterized using an FEI Verios 460 SEM.
A Gatan MonoCL4 Elite CL spectroscopic system equipped in the SEM and a time-resolved
photoluminescence (TRPL) system were used to investigate their optical properties. For
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structural characterization, an FEI Helios Nanolab FIB system was used to prepare the lamellae
by cutting the nanostructures along the specific crystallographic orientations. The lamellae were
examined by a JEOL JEM-ARM200f aberration-corrected scanning transmission electron
microscope (Cs-STEM).

4.3.  Optimization of growth parameters
4.3.1. V/II ratio

Figure 4.1: (a-i) SEM images and (j-I) room temperature minority carrier lifetimes of InP nanostructures
grown at the fixed temperature of 636 °C but different /11 ratios using the CCS reactor. The V/III
ratios are (a-c) 201, (d-f) 297 and (g-j) 594, respectively. The directions of nanoslots in left, middle and
right columns are <101>, 15° off and <112>, respectively. The scale bar in (g) is 2 pm and applies to
all SEM images. Carrier lifetimes are extracted from TRPL measurements and averaged over 45

nanostructures.

To optimize the growth conditions in the CCS reactor, we first investigated V/III ratio under
the fixed growth temperature of 636 °C. The molar fraction of TMIn was fixed (9.41x10®), and
hence, by changing molar fraction of PH3 (1.90-2.80x107%) V/III ratio was increased from 201
to 594. Figure 4.1a-i shows SEM images of InP nanostructures grown under those parameters.
It is clear that the arrays grown at V/III ratio of 297 have less irregular shapes and therefore
much better uniformity as compared to their counterparts formed with V/I1I ratios of 201 and
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594, regardless of the nanoslot directions (the irregular shapes are representatively marked by
the red arrows).

Furthermore, we extracted minority carrier lifetimes (tmc) Of the InP nanostructures,
defined as 1/tm¢ = 1/tnr + 1/11, by fitting the measured room temperature TRPL spectra (see
Figure 4.1j-1). Here tnrand tr are nonradiative and radiative carrier lifetimes, respectively. The
room temperature Tmc is limited by tnr at low excitation power densities® and strongly affected
by defect density and surface quality. As shown in Figure 4.1j-1, the relatively longer tm¢ of InP
nanostructures grown at V/I11 of 297 indicates that they may have less bulk defects and better
surface quality (lower surface recombination velocity).* Overall, based on the morphologies
and optical properties of InP nanostructures, the V/I11 ratio of 297 is better than 201 and 594 at
the growth temperature of 636 °C. Note that although only three different V/III ratios are

investigated, a clear trend is observed.
4.3.2. Growth temperature

Based on the findings in the previous section, we further optimized growth temperature which
is also a key parameter for epitaxy. While V/II1 ratio is fixed at 297, we changed the growth
temperatures from 593 to 680 °C. Figure 4.2 and Figure 4.3 show SEM images at different
views of the InP nanostructures. As shown in Figure 4.2 with a low magnification, their
morphologies become more regular and uniform on a larger scale with the increase of growth
temperature. Besides, high-resolution SEM images taken at high magnifications illustrate that
the side facets of nanostructures grown at higher temperatures are much smoother than that
grown at lower temperatures probably due to the reduction of defect density (Figure 4.3). We
also observe the trenches on the top facets at low temperatures which are marked by the red
arrows, however they disappear as the growth temperature increases (Figure 4.3j-0). Since
surface diffusion of indium adatoms from side facets plays a key role in the axial growth, the
occurrence of the trenches can be attributed to inefficient diffusion of indium towards the centre
of the top facet because of low temperatures. Here, a model is proposed to understand the
formation of these trenches as follow.

Axial growth of nanostructures is contributed by two kinetic pathways of indium influx:
direct impingement onto top facets and surface diffusion from side facets. Indium adatoms
diffusing from the side facets arrive at the edges of the top facet and then migrate to the centre
area, leading to higher indium concentration near the edges. Thus, the axial growth rate near

the edges is higher than that at centre area. Depending on the diffusion length of indium adatoms,
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the difference in growth rates could lead to the uneven profile of the top facets. The stationary
adatom concentration n, of indium on the top facets satisfy the diffusion equation®

2
“Tryj-L=0 (4-1)

Df dx? ‘[f

where Dy is the diffusion coefficient of indium adatoms on the top facets, J is the impinging
flux, 7, is the effective lifetime of adatoms before desorption, and x is the in-plane coordinate
along the lateral direction perpendicular to the nanoslots. The general solution for ny is
expressed as

ne(x) =J1r + a4 cosh% +a, sinh% (4-2)

where a; and a, are constants, A is the diffusion length of indium adatoms, which is sensitive

to the growth temperature. The boundary conditions are given by

Jairs = =2+ WDy () _ =20 +wiw, (FL) =0 (4-3)

Here 457 is the diffusion flux of indium adatoms towards top surface; L and W are the length
and width of nanomembranes, respectively; x = 0 and x = c represent the edge and the middle

position of the top surface, respectively. Thus, the boundary conditions indicate that the

diffusion flux at the edge is equal to the diffusion flux from the sidewalls while the flux at the

centre is zero. The axial growth rate of nanostructures is expressed as H(x) = )

t, where

t is the growth time and Q is the volume of bi-atom pair in the solid. Upon solving equation (4-
2) with the boundary conditions, the relative profile of the top facets along the lateral direction
could be expressed as

c—X . c
Hx) _ coshT+smhI

(4-4)

Hy=o  cosh=+sinhs
Here A is set to be 220 and 620 nm under the growth temperatures of 593 and 680 °C,
respectively. As the fitting parameters, they are obtained by calculating the length and width of
nanomembranes grown under different temperatures. Through the calculations, the relative
profile of the top facets along the lateral direction is plotted in the Figure 4.4, showing the
formation of trenches on the top facets under the low growth temperature. However, at higher
growth temperature, the formation of the trenches in the middle regions is significantly reduced.
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Figure 4.2: Top view low magnification SEM images of InP nanostructures grown at different
temperatures with V/I1I ratio of 294 using the CCS reactor. The nanoslot directions in the left, middle
and right columns are along <101>, 15° off and <112>, respectively. The scale bar in (0) is 2 um and

applies to all SEM images.
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Figure 4.3: High magnification SEM images taken at 30° tilted view of InP nanostructures grown at
different temperatures with V/I11 ratio of 294 using the CCS reactor. The nanoslot directions in the left,
middle and right columns are along <101>, 15° off and <112>, respectively. The red and orange arrows
highlight the trenches on top facets and uneven side facets, respectively. The scale bar in (m) is 1 um

and applies to all SEM images.
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Figure 4.4: Normalized height of nanostructure cross-section along the direction perpendicular to

underlying nanoslot under the two different temperatures.

Apart from the morphological characterization, we also investigated the effect of growth
temperature on optical properties of the nanostructures using TRPL and CL. Figure 4.5 depicts
the minority carrier lifetimes of the InP nanomembranes grown along the <101> and <112>
oriented nanoslots, showing that the lifetime generally increases with the increase of growth
temperature. Besides, the luminescence of the prism- and membrane-like nanostructures grown
from 15° off and <112> oriented nanoslots at higher temperature is significantly uniform
compared to that at lower temperature, confirmed by the panchromatic CL images shown in
Figure 4.6. Overall, all these observations indicate the significance of increasing growth
temperature in improving the morphology, crystalline and optical quality of the InP
nanostructures, which is also consistent with the SAE of InP nanowires.* We also carried out
the structural examination on nanostructures grown at 680 °C, demonstrating that they all have
pure wurtzite structure, regardless of their shapes, which will be further discussed in the Section
4.6. Thus, the V/I1I ratio of 297 and growth temperature of 680 °C are the optimized parameters

for epitaxial growth of InP nanostructures in the CCS reactor.
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Figure 4.5: Minority carrier lifetimes of the InP nanomembranes grown from <101> and <112>
oriented nanoslots at different temperatures in the CCS reactor. /111 ratio for all the nanomembranes is

297.

Figure 4.6: Top view SEM and corresponding panchromatic CL images of InP nanostructures grown
under different temperatures in the CCS reactor. The nanoslot directions are 15° off (left) and <112>

(right), respectively. The scale bar in (i) is 5 um and applies to all SEM and CL images.
4.4.  Membrane- and prism-like InP nanostructures

In this section, an in-depth investigation of membrane- and prism-like InP nanostructures grown
from nanoslots at the optimal conditions are carried out. We first discuss the effects of

orientation and dimension of nanoslots on the morphology and facets of nanostructures. We
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then propose a thermodynamic model to explain the mechanism for shape transformation of

these nanostructures.

4.4.1. InP nanostructures grown from nanoslots with the identical length but different

orientations and widths

In this section, all InP nanostructures are grown from nanoslots with a length of 2 um. To
investigate the effect of nanoslots direction, their widths are fixed to be approximately 120 nm.
Figure 4.7a schematically illustrates the SAE InP nanostructures grown from the patterned
nanoslots of three different orientations. As will be shown and discussed in Section 4.6, the
nanostructures are all of WZ crystal structure, and hence we refer to them using the
corresponding 4-index scheme. Mainly bounded by {1010} and/or {1120} side facets, they all
grow vertically along the [0001] direction. Depending on the direction of nanoslots, the cross-
sections of nanostructures may not fully inherit the geometries of the underlying patterns in
spite of their confinement in the lateral directions. The morphologies of the nanostructures
grown from the <101>, 15° off and <112> oriented nanoslots are shown in Figure 4.7b-d,
respectively. For <101> and <112> oriented nanoslots, the facets confined by the pattern
correspond to {1010} and {1120} planes, respectively. They both are the dominant side facets
in Figure 4.7b,d, respectively, leading to the formation of nanomembranes. We observe that the
<101> oriented nanomembranes are thinner than the <112> oriented nanomembranes. Since
thinner membranes are taller, surface diffusion is playing a role in this difference of geometry,
but as we will discuss in Section 4.4.3, the difference in surface energy and radial growth of the
{1010} and {1120} facets also play a substantial role. When the nanoslot does not correspond
to any low-index direction, for instance the 15° off nanoslot, the sidewalls of nanostructure
predominantly consist of both {1010} and {1120} facets (see Figure 4.7c). Instead of a
nanomembrane, the nanostructure is grown in the shape of a parallelogram prism. This
coexistence of {1010} and {1120} facets in WZ InP would increase the possibilities for
engineering the shapes of InP nanostructures. More interestingly, the highly uniform arrays of
InP nanostructures with different shapes can be simultaneously achieved in the same growth
run by simply adjusting nanoslot directions.
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Figure 4.7: InP nanostructures grown from the patterned nanoslots with different directions. (a)
Schematics of the designed nanoslots and grown InP nanostructures. The nanoslots are along the <101>,
15° off (with respect to <101>) and <112> directions of the (111)A InP substrate. 30° tilted SEM images
of InP nanostructure arrays with the nanoslots along (b) <101>, (c) 15° off, and (d) <112> directions.
The {1010} and {1120} side facets are representatively highlighted by orange and aqua colours,

respectively. The scale bar in (d) is 2 um and applies to all SEM images.

We also investigate the effect of nanoslot width on nanomembranes grown from the <101>
and <112> oriented nanoslots. While nanoslot length and growth time are fixed at 2 um and 3
min, respectively, the nanoslot widths vary from approximately 76 to 325 nm. Figure 4.8a
shows the height and thickness of membrane-like nanostructures as a function of the underlying
nanoslot width. Meanwhile, for better visual comparison, Figure 4.8b-e shows tilted SEM
images of the representative nanomembranes whose nanoslots are of minimum and maximum
widths. It can be seen that the thickness of both <101> and <112> oriented nanomembranes
increases approximately linearly with nanoslot width with the <112> oriented nanomembranes
always thicker than their <101> counterparts, which suggests that the nanomembranes with
{1120} side facets encourages more lateral growth than those with {1010} side facets. The
difference in lateral growth is due to {1010} facet being more stable than {1120} facet under
the current growth conditions. More details will be discussed later in Section 4.4.3. In addition,
the height of nanomembranes with <101> oriented nanoslots decreases monotonously while
that with <112> oriented nanoslots fluctuates only slightly and is less dependent on nanoslots

width. The reaction species contributing to the axial growth could be divided into two parts, as
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schematically illustrated in Figure 2.2b: those that directly impinge on the top surface and those
that adsorb on the mask layer and nanostructure side facets, and then diffuse to the top surface.
In case of thinner slots, the axial growth of InP nanomembranes is dominated by species
diffusing from the side facets and mask layer. With increasing slot width, more species are
consumed by the lateral growth, leading to the rapid decrease of <101> oriented nanostructure
height. In contrast, in case of thicker slots, the axial growth is predominantly due to the species
which are directly deposited on nanostructure top surface, therefore leading to an axial growth
rate that is less dependent on slot width. Thus, although the height of the <101> oriented
nanostructures decreases with increasing the slot width, the difference becomes smaller. It also
explains the similar heights of the <101> and <112> oriented nanomembranes with slot width
approximately 325 nm. As for the height of <112> oriented nanomembranes which is less
dependent on slot width, it can be attributed to their higher lateral growth rate even when slots

are narrow.

Figure 4.8: (a) Average thickness and height of InP nanomembranes grown from the <101> and <112>
oriented nanoslots as a function of nanoslots width. The error bars represent the standard deviation of
thickness and height from 350 individual nanomembranes. (b-e¢) 30° tilted SEM images of InP
nanomembranes with nanoslots width of approximately (b,d) 76 and (c,e) 325 nm. The scale bar in (e)

is 1 um and applies to all SEM images.
4.4.2. Shape evolution from nanowire to membrane- and prism-like nanostructures

The shape of SAE InP nanostructures is determined by growth conditions, duration, and
designed pattern including geometry, dimension and orientation. In this section, we investigate
the shape transformation of InP nanostructures by changing growth time and nanoslot length.
It not only demonstrates the ability to engineer nanostructure shapes, but also provides deeper

insight into the understanding of growth mechanism.
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In case of the <101> and <112> oriented nanoslots, when growth time is 7 min we
observed the shape evolution from nanowires to nanomembranes with the increase of nanoslot
length, as shown in Figure 4.9d-f and Figure 4.10d-f. All nanostructures grown from the <101>
oriented nanoslots are mainly bounded by {1010} side facets, independent of the nanoslot
length (Figure 4.9d-f). In comparison, only InP nanostructures grown from the very short <112>
oriented nanoslots mainly consist of {1010} side facets, showing a prism-like shape. As the
nanoslots become longer, they start to confine lateral growth and {1120} facets start to appear
and become more dominant (Figure 4.10d-f). Even when both oriented nanoslots are up to 50
pm in length, the nanomembranes follow the trend discussed above, as shown in Figure 4.11a,b.
Furthermore, these long nanomembranes present uniform and regular morphologies. With
increasing growth time, nanomembranes with <101> oriented nanoslots grow taller and slightly
thicker, but maintain the same dominant side facets and geometries (Figure 4.9a-c). In contrast,
the nanomembranes with <112> oriented nanoslots transform into prism-like nanostructures
due to the replacement of {1120} side facets with {1010} (Figure 4.10a-c). The shape of a
crystal usually reflects the stability of its facets.® ” Thus, the above observations suggest that
although both {1120} and {1010} facets are formed during the SAE of InP, {1010} facets are

more stable under the current growth conditions.
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Figure 4.9: (a-f) SEM images of InP nanostructures grown in the horizontal reactor, showing the shape
evolution from nanowire to nanomembrane with the increase of nanoslot length along the <101>
direction. Growth times for nanostructures shown in lower and upper panels are 7 and 14 min
respectively. (a,c,d,f) top view; (b,e) 15° tilted view. High magnification SEM images from the
highlighted area in (a) and (d) are shown in (c) and (f), respectively. The orange solid lines in (c,f) and

orange areas in (b,e) are corresponding to {1010} side facets.
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Figure 4.10: (a-f) SEM images of InP nanostructures grown from the <112> oriented nanoslots with
increasing lengths. The growth took place under the optimal growth conditions in the horizontal reactor
for (a-c) 14 and (d-f) 7 min, respectively. (a,c,d,f) top view; (b,e) 15° tilted view. High magnification
SEM images from the highlighted area in (a) and (d) are shown in (c) and (f) respectively. The orange

and aqua coloured regions and lines indicate {1010} and {1120} side facets, respectively.

According to both time and nanoslot length dependent investigation of nanostructures
grown from the <112> oriented nanoslots, the shape evolution determined by facet stability can
be observed either by extending growth time or decreasing nanoslot length (Figure 4.10). In
other words, nanostructures grown on shorter slots have seen more material deposition, and
their growth has evolved more in comparison to those grown on longer nanoslots. This also
applies to the case of nanoslots along any crystal directions. Taking 15° off direction for
example, the experimental results are shown in Figure 4.11c and Figure 4.12. By analyzing

their evolution of side facets with the decrease of nanoslots length, we found the growth process
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can be divided into four stages, each of which has different shapes, as schematically illustrated
in Figure 4.13. At the earlier stage after nucleation and filling up of the opening, shape I is
formed (see Figure 4.11c for SEM image), followed by the transformation towards shapes I,
Il and IV (see Figure 4.13). Specifically, due to the confinement effect of the nanoslots, high-
index facets appear at the initial stage I, but they are not thermodynamically stable and tend to
be replaced by a combination of the metastable {1120} facets and the stable {1010} facets,
leading to the formation of shape Il. The evolution continues with the gradual replacement of
the {1120} facets by the {1010} facets (stage I11), and eventually reaches the stage IV with the

equilibrium prism-like shape when the {1120} facets completely disappear.

Figure 4.11: 30° tilted SEM images of InP nanostructures grown from the <101>, <112> and 15° off

nanoslots with a length of 50 um. The scale bar in (c) applies to all SEM images.
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Figure 4.12: SEM images of InP nanostructures with increasing nanoslot length along 15° off direction
grown at 750 °C using the horizontal reactor. The growth times are (a,b) 14 min and (c,d) 7 min,
respectively. (a,c) top view; (b,d) 15° tilted view. The facets highlighted by orange and aqua areas in (b)

and (d) are {1010} and {1120}, respectively.
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Figure 4.13: Schematics of shape evolution of InP nanostructures with the nanoslot direction 6 between
[101] and [112]. SEM images show the representative nanostructures with the corresponding geometries

taking the 15° off oriented samples for example.
4.4.3. Study of growth mechanisms

The concept of shape engineering expands the research field from traditional nanowires to
nanostructures with many types of possible geometries. These novel nanostructures play a
significant role in applications, such as metamaterials and meta-optics which demand accurate
control of homogeneity and geometry. The understanding of mechanisms for the shape
transformation is a vital step in achieving these applications. Considering crystal symmetry, we
only need to consider nanoslot directions of [101], [112] and & off where 0° < § < 30° is the
angle between nanoslot direction and [101]. Furthermore, since nanostructures which are grown
from <101> oriented nanoslots remain a membrane-like shape regardless of nanoslot dimension

and growth time (see Figure 4.9), only nanostructures with <112> oriented nanoslots are
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discussed as a special case. In this section, we will discuss the transformative mechanism of

nanostructures with a special <112> and any high-index oriented (6 off) nanoslots.

4.4.3.1. Study of nanostructures grown from in-plane <112> oriented nanoslots

To understand mechanism behind the transformation of InP nanostructures, a thermodynamic
growth model is proposed. According to the growth results in Figure 4.10, we observed
morphological transformation from membrane-like to prism-like shapes with the increase of
growth time, which are schematically plotted in Figure 4.14. The total surface energy of the

prism-like nanostructure is expressed as

Gp = %Y{MTO}HPLP + %AV (4-5)

where y 10103 is the surface energy of {1010} facet, Hp is the height, and L is the length for
both nanoslots and nanostructures. Ay = y.o, + ¥i — ¥s, Where y,p, v; and y; are the top facet
surface energy, interfacial energy between substrate and grown nanostructure, and substrate

surface energy, respectively. In the case of homoepitaxy, Ay is equal to zero. Thus, the equation

(4-5) could be simplified as
4
Gp = ﬁy{mIO}HPLP (4-6)

Likewise, we obtain the total surface energy of membrane-like nanostructure

Guy = 2)/{1170}(LM - @WM)HM + 4y1010yWnHu (4-7)

where y(130; is the {1120} facet surface energy, Ly, is the length for both nanoslots and
nanostructures, Hy, is the height, and Wy, = kL, (0 < k < +/3/3) represents the width. k is a
geometric factor depending on the shape. With the increase of k, the nanostructures transform
from a membrane-like to a prism-like shape. At k = +/3/3, the transformation is completed.
The volumes of the membrane-like and prism-like shapes are V,, = (k - \/§k2/2)LM2HM and
Vp = Lp?Hp/2+/3, respectively. At Lp = L,,, we assume that the volumes of these two shapes

grown under the same conditions are equal. Therefore, we have Hp = (2v3k — 3k?)H,,. By

substituting them into equations (4-6) and (4-7), we obtain

Gm _ 1 _ Y{1120} -
Gp  4k—2V3k? [(1 \/gk) Y{1070} * Zk]1 0<k< \/§/3 (4 8)

Taking y(1130) = 1.38 J/m? and y 1910y = 1.19 ] /m? 2 Gy /Gp is calculated and plotted
as a function of k as shown in Figure 4.15. We found that the ratio of G,,/Gp decreases
exponentially with k but is always larger than 1. It suggests that, under the scenario described

above, the prism-like nanostructure has the lowest total surface energy and therefore the
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transformation from membrane-like shape to this prism-like shape is energetically favourable.
Overall, at the early stage of epitaxial growth, the metastable {1120} facet is dominant over the
stable {1010} facet due to the confinement of the <112> nanoslot, leading to the formation of
nanostructure with a membrane-like geometry. As the epitaxial growth continues, to minimize
the total surface energy, the membrane-like shape transforms to the prism-like shape by the

replacement of {1120} facets with {1010} facets.

Figure 4.14: Top view schematic of a membrane-like and prism-like shape of InP nanostructures with

<112> oriented nanoslot.
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Figure 4.15: The ratio of the total surface energy between the membrane-like and prism-like

nanostructures, G, /Gp as a function of k where k (0 < k <+/3/3) is the ratio of membrane-like

nanostructure width and length.

4.4.3.2. Study of nanostructures grown from nanoslots along any high-index

direction
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As shown in Figure 4.13, the shape evolution of nanostructures with 8 off oriented nanoslots
during epitaxy can be divided into four stages with respective shapes labelled as I-1V. The total

surface energy of shapes I, 1l and IV are expressed as

2h 2h h .
61 = (g Vo) + g Yooy + 2 |L = st [ Vi i, 0 < h < [sin2(6 +
n/6) —V3/2]L (4-9)
2L[sin2(6+m/6)—/3/2 2L[sin2(68+m/6)—/3/2
Gy = { [Slnsin(n76_9) ]V{nio} + [sin 51:9 ]V{wio}} Hp; (4-10)
__ (2L[sin(20+m/6)—1/2] 2L[sin(26+m/6)—1/2]
Gy = { V3 cos(0+7/6) Y1070} T J35in0 V{uﬁo}} Hpy (4-11)

where L is the nanoslot length; h is the half width of shape | nanostructure; yy; is the surface
energy of the high index facets and satisfy y{1970} < ¥{1120} < ¥u:- The volumes of shapes |,

Il, and IV are given by

V; ={2L — h/[sin2(8 + ©/6) —V3/2]|}hH, (4-12)
Vy = [sin2(6 + n/6) —V3/2]L*H), (4-13)
Vi = [sin(26 + /6) — 1/2]L?H,, /N3 (4-14)

Under the assumption that the shapes I, Il and IV have the same volume, we obtain

_ sin 2(6+m/6)—3/2 _ 2L—h/[sin2(8+m/6)—/3/2] i
Hy = V3 sin(20+1/6)—1/2 Hy = V3 [sin(20+71/6)—1/2]L2 hH, (4-15)

Through the calculation, we found G,;/G,, > G /G,y > 1 at a preset value of h =
[sin 20 +m/6) — \/§/2]L/2, independent of length and direction of the nanoslots. It suggests
that, the epitaxial stages I-1l are energetically unfavourable and therefore shape | induced
initially by the pattern confinement effect evolves to shape Il and eventually to the final
equilibrium shape IV, via another intermediate shape Ill, due to minimization of the total
surface energy. In particular, the area ratio of {1120}/{1010} facets at the stage Il increases

monotonously with € from 0° - 30° and equals to 1 at = 15°.
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Figure 4.16: Relative transformation time of nanostructures as a function of nanoslot (a) direction and
(b) length.

The dynamic shape evolution process provides a “roadmap” for tuning the shape of InP
nanostructures. For more precise shape engineering, the relation between time (t.) required to
reach the critical shapes Il and 1V and pattern design including orientation and dimension need
to be established since we have already observed this strong correlation as shown in Figure
4.10d,e and Figure 4.12c,d. For simplicity, we assume the growth of nanostructures is
dominated by diffusion of indium adatoms from the substrate/SiOx mask with a diffusion length
of A;. The feeding area is either directly proportional to dL (when A; > d) or AL (when A, <
d) where d is the distance between two nearby nanoslots in the perpendicular direction.
Accordingly, the growth rate of the nanostructures is equal to A;Lv or dLv=constant where v
(nm/s) is the deposition rate. t,. could be expressed as

27(6
tC=po()o

2
re, = 2£/© (4-16)

SV dv
where p = H/L is the ratio of nanostructure height and length, f(8) = sin(260 + n/3) —
V3/2 and £(0) = [sin(20 + /6) — 1/2]V3/3 (0° < 0 < 30°) are the geometric factor of the
top facet area of shapes Il and IV, respectively. Particularly, at § = 30° (i.e. the [112] direction),
shape | with high-index facets does not exist and shapes Il and 1V correspond to the membrane-
and prism-like shapes, respectively. The calculation results are plotted in Figure 4.16. Figure
4.16a indicates that, at a fixed nanoslot length, the time needed to form shape Il increases with
the nanoslot direction away from [101] and [112] directions and reaches a maximum at 15° off
direction. On the other hand, the transformation time for achieving the final shape IV
monotonously increases when the nanoslot direction gradually rotates from [101] to [112].
Figure 4.16b shows that three representative directions are identified in the calculations. At a
fixed nanoslot direction, the shorter the nanoslot is, the sooner the shape transformation into

the intermediate shape 11 and final shape 1V could be completed (see the dotted and solid curves
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in Figure 4.16b, respectively). Thus, at a fixed growth time and nanoslot direction, the
nanostructures with different nanoslot length are at the different stages of transformation, which
is responsible for the observed shape evolution of the nanostructures with the decrease of

nanoslots length along <112> and 15° off directions (Figure 4.10 and Figure 4.11).
4.5.  Ring-like InP nanostructures

The above analysis of prism- and membrane-like nanostructures shows the possibility of InP in
forming nanostructures with more complex shapes. In this section, we will discuss ring-like
shape which is a desired geometry for optical signal processing and lasing applications.®*! In
the first subsection, we investigate the side facets and geometries of ring-like nanostructures
under the optimized growth conditions; in the second subsection, we focus on the stability

change of side facets with growth temperatures.
4.5.1. Diameter-dependent study under the optimal growth conditions

Figure 4.17a-e shows SEM images of InP nanostructures grown from ring openings with
diameters varying from approximately 2 to 9 um at the optimal conditions in the CCS reactor.
It can be seen that InP nanostructures cannot fully inherit the geometry of the underlying
patterns due to the unlikely formation of curved facets but present a multi-faceted ring-like
shape consisting of {1120} and {1010} side facets. The confinement effect of the patterned
nanoring on the formation of these two facets is equivalent, which makes the investigation of
the actual morphology of ring-like nanostructures more interesting in terms of understanding

the growth behaviour.

Under optimal growth conditions (higher growth temperature), the area ratio of
{1120}/{1010} side facets gets larger but is always smaller than 1 with the increase of diameter
(Figure 4.17f), leading to the transformation of nanostructures from hexagon-like to dodecagon-
like shapes (Figure 4.17a-d). The ring size is essentially a snapshot in time of the growth
evolution that is occurring. As the rings size becomes smaller, growth around the rings has
evolved more and as a result {1010} facets are more dominant. Conversely, for larger diameter
rings, growth is less evolved and hence both {1010} and {1120} facets are dominant. Thus, the
metastable {1120} facets will gradually evolve to {1010} facets with further growth, eventually
leading to the formation of the hexagon-like equilibrium crystal shape, confirmed by the time-
dependent growth results (see Figure 4.18). These results are consistent with the earlier analysis

of nanostructures grown from nanoslots that {1010} facet is more stable than {1120} facet.
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Figure 4.17: (a-d) Top view SEM images of ring-like InP nanostructures with different diameters grown
at the optimal conditions in the CCS reactor. (e) 3D view of the ring-like nanostructure shown in (b).
(d,e) The orange and aqua coloured regions and lines indicate {1010} and {1120} side facets,
respectively. (f) shows the relation of the area ratio of {1120}/{1010} side facets with diameter.

Figure 4.18: Top view SEM images of InP ring-like nanostructures with different diameters grown at
the optimal conditions in the horizontal reactor. Growth time is 14 min (top) and 7 min (bottom),

respectively.

4.5.2. Facet stability and morphological transformation under different growth temperatures
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Figure 4.19: (a-d) Top view SEM images of ring-like InP nanostructures with 4 um diameter grown at
different temperatures in the CCS reactor. Growth temperature is (a) 593, (b) 636, (c) 658 and (d) 680 °C.
Side facets of nanostructures in (a-d) parallel to the aqua and orange lines in (€) are {1120} and {1010}
side facets, respectively. (f) shows the relation of the area ratio of {1120}/{1010} side facets with
growth temperature.

The role of growth temperature on facet stability and shape evolution is investigated by
analyzing ring-like nanostructures with 4 um diameter (Figure 4.19a-d). The regular dodecagon
with two different coloured sides shown in Figure 4.19e is used to determine {1120} and {1010}
side facets of these nanostructures. The area ratio of {1120}/{1010} side facets monotonously
decreases from 4.7 to 0.53 as the temperature increases from 593 to 680 °C (see Figure 4.199).
This shows that while {1120} facets are dominant at the low growth temperature, gradually the
{1010} facets dominate with the increase of temperature, suggesting the relative facet stability
and nanostructure shapes are tunable by controlling the growth conditions. This also indicates
that although the shape evolution is predominantly driven by the growth thermodynamics which
is explained by the modeling in Section 4.4.3, growth kinetics may play a role too.

The phenomenon of {1120} facet being more stable at the low temperature is also
observed during the growth of nanomembranes. Figure 4.20 shows the top view SEM images
of InP nanostructures with different nanoslot directions grown at a lower temperature of 593 °C.
In the cases of short <101> and 15° off nanoslots, the nanostructures are only bounded by
{1120} side facets. {1010} side facets start to appear and gradually become larger with the
increase of nanoslot length. In comparison, nanostructures with <112> oriented nanoslots

mainly consist of {1120} side facets, independent of the nanoslot length. These results suggest
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that {1120} facet is more stable than {1010} facet under the current growth conditions at lower
temperature. {1120} side facet is therefore playing the dominant role that {1010} facet is
playing at high temperature in determining shapes of nanostructures.

Generally the stability of the crystal facets is inversely proportional to their surface energy
(), thus our results indicate that {1010} facets have a lower surface energy at higher
temperatures while the reverse is true for {1120} facets. More precisely, the temperature effect
on the surface energy is probably because of the effect of temperature on the percentage
decomposition of PH3 precursor!? and therefore the phosphorus chemical potential plays a key
role in determining the facet surface energy.*® ** Nanostructure shapes are affected by growth
temperature, particularly at lower temperature where there are some unwanted effects such as
irregular shape, rough surface and non-uniformity (see Figure 4.2, Figure 4.3, Figure 4.19a, and
Figure 4.20).

Figure 4.20: Top view SEM images of InP nanostructures grown at 593 °C in the CCS reactor. The
directions of nanoslots are along (a,b) <101>, (c,d) 15° off and (e,f) <112>. The high magnification
SEM images of nanostructures I, Il and 1l in (a), (c) and (e) are shown in (b), (d) and (f), respectively.
{1010} and {1120} side facets are indicated by the orange and aqua solid lines, respectively, in (b), (d)
and (f).
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4.6.  Structural and optical studies of InP nanostructures

In this section, we will examine structural and optical properties of InP nanostructures with

membrane-, prism- and ring-like shapes grown at the optimal conditions in the CCS reactor.
4.6.1. Structural study

So far, we have demonstrated good morphology of SAE InP nanostructures with different
shapes grown under the optimal conditions. Still, there is a very high requirement on their
crystalline quality for device applications since it has been shown that relevant figures of merit

such as quantum efficiency is directly affected by the presence of crystalline defects.*

For <112> orientated nanomembranes (Figure 4.21a), the dominant side facets are
perpendicular to <1120> zone axis which is an ideal incident direction for an electron beam for
planar defects investigation. Selective area diffraction pattern (SADP) confirms that they are of
WZ phase (Figure 4.21b). Atomically-resolved high-angle annular dark-field (HAADF) image
taken at the interface shows a twin-plane above the ZB substrate at the start of WZ growth and
a stacking fault, as indicated by white arrows (Figure 4.21c). Except for this single stacking
fault, all subsequent atomic layers follow the WZ stacking sequence without observation of any
misaligned layer along [0001] direction until end of the membrane, evidenced by the
atomically-resolved HAADF images taken from the middle and top sections (Figure 4.21d,e).

Figure 4.21: (a) 30° tilted SEM image, (b) SADP, atomic-resolved HAADF images taken along <1120>
zone axis from the (c) bottom, (d) middle and (e) top sections of the <112> oriented nanomembrane.
The dotted red line in (a) indicates the direction and position where the TEM lamellas were prepared by
the FIB system.

Structural analysis for <101> oriented nanomembranes is more challenging since the
TEM lamella needs to be rotated 30° to the <1120> zone axis, which weakens the quality of
TEM images. Still, careful TEM examinations confirm that the <101> nanomembrane shows a

pure WZ structure without twins and stacking faults (see Figure 4.22).
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Figure 4.22: Electron micrographs of <101> oriented nanomembranes. (a) 30° tilted SEM image, high
resolution HAADF images taken along <1120> zone axis from the (b) bottom, (c) middle and (d) top
sections of a nanomembrane. Dotted red line in (a) indicates the direction and position where the TEM
lamella was prepared by FIB. (¢) Low magnification TEM image, (f) SADP, high resolution TEM
images also taken along <1120> zone axis from the (g) bottom, (h,i) middle and (j) top regions of another

nanomembrane.

Besides, the prism-like nanostructure grown from a 15° off oriented nanoslot (Figure
4.23a-¢) and the ring-like nanostructure (Figure 4.23f-j) also have a perfect WZ structure except
at the bottom sections. A stacking fault close to the interface is found in the prism-like
nanostructure, but WZ phase starts from the first layer, showing an atomically sharp interface
for the phase transformation (Figure 4.23c). As for the ring-like nanostructures, the initial stage
of epitaxy (i.e. nucleation and filling up of opening) seems more complicated since nine layers
of ZB segments with the rotational twinning planes are formed inside of patterned opening
(Figure 4.23g,i). In addition to the geometric factor of the patterns, the minor fluctuation caused
by the unstable growth conditions at the beginning of epitaxy might be responsible for the
formation of these defects. After the initial growth stage, crystal stacking sequence of all
examined nanostructures becomes stable, growing as pure WZ phase. Basically, the above

structural investigations indicate that all nanoshapes have a perfect WZ crystal structure.

95



Shape engineering of InP nanostructures grown by selective area epitaxy on {111}A InP substrates

Figure 4.23: (a) 30° tilted SEM image, (b) low magnification TEM image, high-resolution HAADF
images taken along <1120> zone axis from (c) bottom, (d) middle and (e) top regions of the prism-like
nanostructure with 15° off oriented nanoslot. (f) 30° tilted SEM image and (g) TEM image taken along
<1120> zone axis from bottom of the InP ring-like nanostructure. (h) and (i) show high-resolution
HAADF images from the highlighted area marked by orange and green boxes in (g), respectively. (j)
<1120> zone axis bright field TEM image indicates that planar defects only can be found next to the
interface and do not penetrate the whole layer. Dotted red lines in (a) and (f) indicate the direction and
position where the TEM lamellas were prepared by FIB.

We also noticed that planar defects at bottom section of the ring-like nanostructure
disappear somewhere instead of penetrating the whole layer (Figure 4.23j).° Since the
dimension of patterned openings can be larger than adatom diffusion length,* multiple nuclei
are most likely formed in the initial stages, which subsequently expand and merge with each
other to form a single crystal. The merging of nuclei could interrupt the spread of those planar

defects.
4.6.2. Optical study

Figure 4.24 shows SEM and panchromatic CL images of highly ordered arrays of InP
nanostructures with membrane-, prism-, and ring-like shapes. Strong and uniform luminescence
from each element is observed for all the nanostructure arrays regardless of their geometries,
which is also confirmed by intensity profiles along the dashed lines (see inserts in Figure 4.24d-
). More surprisingly, InP nanomembranes show uniform emission even when their length is
up to 50 um (Figure 4.25). Thus, in addition to the excellent crystalline structure, superior

optical properties as the prerequisite for photonic applications are achieved. Room-temperature
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photoluminescence spectra have a sharp emission peak at 871 nm for all the different

nanoshapes, consistent with the bandgap of WZ crystal structure (Figure 4.26).
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Figure 4.24: Strong and uniform photon emission from InP nanostructures with different shapes. (a-c)

Top-view SEM and (d-f) corresponding panchromatic CL images of InP nanostructure arrays. The

overlays in (d-f) show emission intensity profiles along the dash lines. Scale bars 2 pm.

Figure 4.25: (a) SEM and (b) panchromatic CL images of <112> oriented InP nanomembranes grown

under the optimal conditions in the CCS reactor, showing the ability to obtain uniform luminescence in

a very long nanomembranes. The non-uniform luminescence among different areas, for example area 1

and area 2, is due to the limited collection area of the system rather than variation of optical quality.
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Figure 4.26: PL spectra of nanostructures grown from <101>, 15° off, <112> oriented nanoslots and

nanoring, showing peaks at 871 nm at room temperature.
4.7. Summary

We optimize the growth conditions and then demonstrate InP nanostructures with membrane-,
prism- and ring-like shapes grown by the catalyst-free SAE technique, expanding the research
field from 1-D nanowires to more sophisticated 2-D and 3-D nanostructures. WZ InP is a good
candidate for shape engineering since we found that {1010} and {1120} facets are able to be
formed at the same time. The in-depth study of shape evolution with time, dimension and
temperature indicates that the shape is determined by the designed pattern (geometry,
dimension, orientation) and growth parameters (temperature, time efc.). A proposed
thermodynamic model confirms that the driving force of the shape transformation is the
minimization of the total surface energy during growth. We also found that the stability of
{1010} and {1120} facets varies with the growth conditions. The {1010} ({1120}) facet is
more stable at the higher (lower) growth temperature which we attribute to the change of their
surface energy. Under the optimal conditions at high temperature, highly uniform arrays of InP
nanostructures can be obtained with excellent WZ crystal structure. Moreover, panchromatic
CL results show the strong luminescence in the nanostructure arrays with high homogeneity for
each nanostructure element in the array. The understanding of growth mechanism is crucial to
designing and growing nanostructures with the desired geometries. Our results represent the
important steps towards shape engineering of nanostructures to realize advanced optoelectronic

and electronic devices based on sophisticated and controllable geometries.
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CHAPTER 5

Understanding shape transformation and phase
transition of InP nanostructures grown on

substrates of various orientations

5.1. Introduction

In the previous chapter, we have demonstrated SAE of highly uniform InP nanostructure arrays
with pure WZ phase on InP {111}A substrates, such as nanowires, nanomembranes, and
nanorings. InP {111}A substrates were preferentially chosen considering that {111} substrates
are most commonly used for I11-V epitaxy of nanowires due to the preferred growth direction
along the <111> direction. However, in the quest for exploration of complex nanostructures
and improved functionalities, substrates of other orientations have been used to grow
nanostructures with desired morphology and phase as well as fabricate advanced devices.*?°
For example, Gazibegovic et al.® demonstrated the direct formation of InSh networks on InP
{100} substrates with exposed {111}B facets and their applications in quantum devices. ZB
and WZ phase films with a thickness of a few nanometers and area up to 50 pm? were
simultaneously grown on InP {100} substrates by controlling the crystal growth directions,

showing the possibility of phase transitions in a large area.?

Understanding growth mechanisms is the cornerstone for 111-V epitaxy. Till now, the
mechanism studies of SAE of 111-V nanostructures are largely limited to nanowires and only a
few focus on those with more complex geometries.?*?® Furthermore, SAE of 2D and 3D
nanostructures may have different growth mechanisms, as reported in the formation of twin-
free GaAs nanosheets?* and large size pure WZ InP nanomembranes.? The lack of a unified
model or understanding for SAE of IllI-V nanostructures with different shapes seriously
impedes the advances in the growth of these nanostructures, which is increasingly required for

advanced device applications.
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In this chapter, InP nanostructures grown by the SAE technique on InP {100}, {110},
{111}B, {112}A and {112}B substrates are investigated and discussed in Section 5.3. Two
growth models are proposed in Section 5.4 to explain the experimental observations in Section
5.3. Through systematic analyses, we build a unified fundamental understanding for SAE of
InP nanostructures with various geometries and both crystal phases regardless of substrate
orientation. Specifically, by using carefully designed patterns in the mask layer, shape evolution
of InP nanostructures from nanowire to nanomembrane on substrates of different orientations
was investigated. Our in-depth analysis of the morphology and crystal structure reveals the
dependence of nucleus formation on substrate orientation, the correlation between crystal phase
and growth direction as well as the mechanism for morphology transformation. The polarity
difference leads to different WZ and ZB phase formation during nucleation on A/B-polar
substrates and growth along A/B-polar directions, respectively, which could be explained by a
nucleation-based model. Meanwhile, the crystal phase remains the same during nucleation on
non-{111} low-index substrates and growth along non-<111> low-index directions, leading to
pure ZB phase formation. Our findings provide a pathway to simultaneously tailor the shape
and crystal phase of nanostructures. For instance, WZ/ZB homojunction with type-1l band
alignment is demonstrated in a layered nanomembrane form. In addition to the confinement
effect imposed by various opening arrays, shape transformation is essentially driven by the
minimization of total surface energy. The understanding gained from this chapter lays the
foundation for the design and fabrication of advanced Il1-V semiconductor devices based on

complex geometrical nanostructures.
5.2. Experimental methods

A ~30 nm-thick SiOx layer was deposited on InP substrates with different orientations,
including {111}A, {111}B, {100}, {110}, {112}A and {112}B substrates, where various
patterned openings were fabricated through a series of processing steps (see Chapter 3.2 for the
details). These openings consist of different dimensions and geometries. Moreover, they were
carefully designed based on the crystallographic nature of substrates for investigating growth
fundamentals and achieving novel nanomembranes. More details will be provided in the later

sections.

All InP nanostructures discussed in this chapter were grown in the same run via a
horizontal flow reactor of Aixtron 200/4 MOCVD system with a low pressure of 100 mbar and

total flow of 15 L/min. Trimethylindium (TMIn) and phosphine (PH3) were used as precursors
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while ultrahigh purity H> was used as the carrier gas. Prior to growth, the patterned substrates
were annealed at 750 °C in PHs ambient for 10 minutes to remove the possible contaminants.
The optimized growth conditions for SAE of WZ phase InP array on InP {111}A substrate as
discussed in Chapter 4 were used here, i.e., growth temperature of 750 °C, growth duration of
7 min, PH3 mole fraction of 2.67x107, and TMIn mole fraction of 9.07x1075.%

The morphology of InP nanostructures was characterized by an FEI Verios 460 SEM
system operated at a voltage and current of 5 kV and 200 pA, respectively. CL mapping was
carried out in the FEI Verios 460 SEM system equipped with a Gatan MonoCL4 Elite module.
TEM lamellae were prepared by an FEI Helios Nanolab FIB system and subsequently examined
by a JEOL JEM-ARMZ200f Cs-corrected STEM and a JEOL 2100F TEM.

5.3.  Studies of InP nanostructures grown on InP substrates of different orientations
5.3.1. InP {100} substrate

InP nanostructures grown on InP {100} substrates are first investigated since this substrate
orientation has been widely used for epitaxy of 111-V nanostructures and in the Si-based industry.
In addition to conventional nanoholes, low-index oriented nanoslot patterns are carefully
designed for possible formation of the corresponding nanostructures along low-index planes.
For instance, Figure 5.1a schematically illustrates arrays of openings in the SiOx mask
consisting of holes and slots along the low-index (101), and (101), directions on InP {100}
substrate. Note that although in-plane <101> orientation is non-polar, they could be recognized
as two different (101), and (101}, directions in consideration of their relationship with the
{111}A and {111}B side planes shown in Figure 5.1a, which leads to different growth
behaviours. The low-index planes closest to {100} top surface are indicated to clarify the
crystalline facets and/or orientations of the nanoslots and grown nanostructures (Figure 5.1a).
Both WZ and ZB phases are formed in our InP nanostructures, thus the crystalline facets and

orientations are named using the three-index scheme for simplicity unless specified otherwise.

For the (101), oriented opening array, nanostructure geometry evolves from V-shaped
nanowire to V-shaped nanomembrane with the increase in slot length (Figure 5.1b,c). The
branches of VV-shaped nanowires grow along the <111>A directions, which can be determined
by the angles between them and the substrate (see lower panel in Figure 5.1c). Structural
characterization demonstrates WZ phase in the main body of the branched nanowires but ZB
phase at the intersection region, as shown in Figure 5.2. By increasing the openings from

nanoholes to nanoslots along the (101), direction, V-shaped nanomembranes are formed (see
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Figure 5.1b,c). The two branches of V-shaped nanomembranes grow along the <111>A
directions as well, as confirmed by the angles between them and the substrate (Figure 5.3a-c).
CL spectral peak mapping indicates that the nanomembrane branches are of WZ phase while
their intersection is ZB phase (see upper panel in Figure 5.1c). The atomistic model in Figure
5.3d illustrates the crystal phase distribution of the cross-sectional VV-shaped nanomembranes.
Apparently, the crystallography of VV-shaped nanomembranes is similar to V-shaped nanowires,

which suggests the same growth behaviour of these two kinds of V-shaped nanostructures.

Figure 5.1: (a) Schematic of the designed openings on InP {100} substrate and low-index {111}A,
{111}B, {110} planes closest to substrate top surface. (b) 54° tilted SEM image of the nanostructures
grown from (101), oriented openings, showing the evolution from V-shaped nanowires to V-shaped
nanomembranes with the increase of slot length. (c) 30° tilted SEM images of a V-shaped nanowire
(lower panel) and a V-shaped nanomembrane (upper panel). Also shown is the top view CL spectral
peak mapping of the V-shaped nanomembrane. Red dotted arrows in (c) indicate the <111>A directions.

Scale bar in (b) is 1 um.

104



Understanding shape transformation and phase transition of InP nanostructures grown on substrates of various orientations

Figure 5.2: Electron micrographs of V-shaped InP nanowires grown on InP {100} substrate. (a) SEM
image at 30° tilt and (b) low-magnification TEM image of V-shaped nanowires. Note that some of the
nanowire branches merge, as indicated by the red arrows in (a,b). (c) High magnification TEM image
from the rectangular area in (b) which is the bottom region of the V-shaped nanowire. (d,e) FFT patterns
extracted from the corresponding areas in (c) indicate that the branches and intersection region of the

V-shaped nanowires are of WZ and ZB phases, respectively.
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Figure 5.3: (a-c) SEM images at different view angles of a VV-shaped nanomembrane grown from in-
plane (101), oriented nanoslot on InP {100} substrate. One of the branches seems to be vertical to the
substrate at 56° tilted view which suggests that the branches of V-shaped nanomembrane are grown
along the <111>A directions since the angle between [100] and [111] directions is 54.7°. (d) Atomistic
model of the cross-section of the VV-shaped nanomembrane, as indicated by the dotted line in (b). The

scale bar in (c) applies to all SEM images.

In contrast, when opening array is along with the (101), direction, the nanostructures
evolve differently in terms of shapes and crystal phases (see Figure 5.4). In the case of short
nanoslots, in addition to the main morphology of V-shaped nanowires, two more symmetric
structures (labeled as segment-11) can be seen at the bottom end near the intersection between
the two nanowires (Figure 5.4b). CL spectral peak mapping in Figure 5.4f indicates that these
segments are of WZ phase as well as the nanowire branches (labeled as segment-I), suggesting
that they are formed due to epitaxial growth along the <111>A directions but interrupted by the
substrate. In addition, CL examination shows the existence of a ZB phase region at the
intersection area which is attributed to direct epitaxy on the InP {100} substrate at early stages
of growth (Figure 5.4f). This ZB phase region forms four {111} A facets for subsequent growth
of segments-1 and 11, as schematically indicated in Figure 5.5. The morphology changes in

Figure 5.4b-e show that growth of segment-I along the <111>A directions is greatly reduced
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with the increase of nanoslot length. One of the segment-11 disappears, followed by the exposure
of the {111}B facet of the ZB region (marked by the colored area I11), as confirmed by the CL
spectral peak mapping (see Figure 5.4g,h).

The exposed {111}B facet and the remaining segment-11 (Figure 5.4c) evolve in different
ways with further increase of nanoslot length. Specifically, they both grow larger, but due to
limited growth time, segment-I1 is truncated along the <111>A direction, resulting in (0001)
facet as marked by the colored area IV (Figure 5.4d). For long nanoslot length, the truncated
segment-I1 becomes thinner. Ultimately segment-11 and the ZB region together form a tilted

nanomembrane consisting of a pair of ZB and WZ layers (Figure 5.4e,h).

Figure 5.4: (a) Top view SEM image of InP nanostructure array with the increase of slot length along
the (101), direction on InP {100} substrate, showing the shape evolution from V-shaped nanowire to
inclined nanomembrane. (b-e) SEM images taken at different views of the nanostructures with
increasing nanoslot length along the (101), direction. Red arrows indicate the <111>A directions. (f-h)
Top view CL peak mapping of the nanostructures with morphologies similar to those in (b,c.e),
respectively, indicating the evolution of the crystal phase. Note that CL characterization is not

necessarily carried out on the same nanostructures shown in (b-e). Scale bars are 1 um.
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Figure 5.5: 3D atomistic model of a ZB InP crystal showing the possible {111} facets. Red arrows
indicate the <111>A directions where the upward and downward ones correspond to growth directions
of the nanowire branches (segment-1) and segment-1l of the V-shaped nanowire in Figure 5.4b,

respectively.

The detailed structure of the layered nanomembrane in Figure 5.4e was investigated by a
Cs-corrected STEM, and the results are shown in Figure 5.6. The lamella was prepared by
cutting the nanomembrane along the red dotted line using focused ion beam (see inset in Figure
5.6a). Figure 5.6a shows a low-magnification bright field STEM image of the cross-sectional
nanomembrane along the <101> zone axis. The left- and right-hand regions are of WZ and ZB
phases, respectively, as determined by the Fast Fourier transform (FFT) patterns extracted from
the corresponding areas (Figure 5.6d,e). The layered nanomembrane is mainly bound by A-
polar (0001) and B-polar {111}B side facets. Moreover, the top surfaces are dominated by
{1010} and {111}B facets on the respective sides. An interface about two-thirds of the way
from the edge of the nanomembrane can be seen due to the contrast caused by different crystal
structures, indicated by the orange arrow in Figure 5.6a. This interface divides the
nanomembrane into two different WZ and ZB layers which is further confirmed by the
atomically-resolved HAADF images in Figure 5.6b,c. These structural investigations
correspond to our CL analysis in Figure 5.4h in terms of the crystal phase distribution. Figure
5.6b,c also shows that a faulted ZB region with two stacking orientations is formed at the
interface. In addition, we found that the interface extends from a region close to but outside of
nanoslot opening (Figure 5.6a,c), suggesting that the WZ layer only forms after the opening is
fully filled up with the ZB crystal. Careful TEM examination reveals a high quality WZ layer
with a few planar defects, which is evidenced by the atomically-resolved HAADF STEM
images from areas f and g in Figure 5.6a (see Figure 5.6f,g). In constrast, the ZB layer on the
right-hand side of the faulted ZB region is free of twins or stacking faults except for a small
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area near the {111}B surface (Figure 5.61,j). This also makes it difficult to locate the interface
between ZB InP substrate and the epitaxial layers (Figure 5.6h). The coexistence of high quality
WZ phase and defect-free ZB phase suggests that growth conditions of the two different crystal

structures are not mutually exclusive.?’

Figure 5.6: Crystallography of the layered WZ/ZB InP nanomembrane grown on InP {100} substrate.
Top view SEM image in the inset of (a) shows a nanomembrane in which the dashed line indicates the
direction and position where the TEM lamella is prepared. (a) Low-magnification bright field STEM
image taken along the <101> zone axis. The orange arrow indicates the interface between ZB and WZ
layers. (d,e) FFT patterns show WZ and ZB phases of the corresponding colored areas in (a). (b,c,f-h)
Atomically-resolved HAADF STEM images from the corresponding regions marked in (a). The orange
and green spheres representing indium and phosphorus atoms, respectively, are superimposed in (b,c,h),
highlighting the atomic stacking sequence. (i) STEM image of area i in (a). (j) Atomically-resolved
HAADF STEM image of the marked area in (i) in which the white arrows indicate twins. Scale bars:

inset in (a) 1 um; (b,c,f-h,j) 1 nm.

109



Understanding shape transformation and phase transition of InP nanostructures grown on substrates of various orientations

To understand how the different crystal phases are formed in the layered nanomembrane,
a growth model is proposed and illustrated based on the structural analysis above (see Figure
5.7). Initially, pure ZB phase InP nucleates and fills up the nanoslot opening with the same
stacking sequence as the ZB InP {100} substrate. After that, growth of nhanomembrane with
WZ/ZB homojunction proceeds via three different processes. Firstly, InP starts to grow along
the <112> direction, forming a ZB layer with a thickness approximately the same as the width
of nanoslot opening. This layer is free of planar defects since generally only growth along <111>
directions forms twin planes or stacking faults, which is similar to the growth of pure ZB InP
film® and GaAs nanowires? along non-<111> directions. Moreover, the growth along the <112>
direction leads to the formation of {111}A and {111}B planes on each side facets. Secondly,
on the newly formed {111}A side facet, WZ phase InP layer starts to grow along the <111>A
direction as would InP nanostructures grown on InP {111}A substrate by SAE.? 2 Although
a few faulted ZB layers are initially formed at the beginning of facet growth (see Figure 5.6b,c),
subsequent growth results in a high quality WZ phase layer. Thirdly, growth is also occuring
on the {111}B side facet along the <111>B direction resulting in the formation of a thin ZB
layer with high density of twins, as indicated by the white dotted arrows in Figure 5.6j. Based
on TEM analysis, in additon to the difference in crystal phases, the lateral growth rate along the
<111>B direction is an order of magnitude lower than that along <111>A direction, i.e. the WZ
facet is growing faster than the ZB facet. The growth of different crystal phases on the side
facets of the nanomembrane as a result of different polarities essentially leads to the formation
of the WZ/ZB homojunction nanomembrane. It demonstrates the possibility of tailoring the
crystal phase by controlling growth directions and side facets.?” WZ/ZB homojunction has been
intensively investigated in I11-V nanowires, in which they exhibit type-Il band alignment and
have a great significance in different applications.3%® Here, we expand the WZ/ZB
homojunction structure from 1D nanowires to 2D nanomembranes, which can potentially
provide additional functionality such as separation of charge carriers to the respective

nanomembrane layer for high speed devices.
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Figure 5.7: Atomistic model of the cross-section of layered nanomembranes grown on InP {100}

substrate.

Compared with vertical and WZ nanowires, nanomembranes, and nanorings grown on InP
{111}A substrates as discussed in Chapter 4, the unique InP nanostructure arrays on {100}
substrate suggests that exploring growth behaviour on substrates of different orientations is vital
in deepening the fundamental understanding of growth as well as producing more interesting
heterostructures. Thus, we further investigate growth on InP {110}, {111}B, {112}A and
{112}B substrates in the following sections.

5.3.2. InP {110} substrate

For InP {110} substrate, the opening array is designed along the <112> directions as
schematically illustrated in Figure 5.8a. In this case, the {111} planes parallel to in-plane <112>
oriented nanoslot is perpendicular to substrate. Vertical nanomembranes are expected according
to the analysis of nanomembranes grown on {100} substrate, which is experimentally

confirmed (see Figure 5.8b,d).
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Figure 5.8: (a) Schematic diagram of the designed openings on InP {110} substrate and low-index
{111}A, {111}B, {100} side planes closest to substrate top surface. Red dotted arrows indicate the
<111>A directions. (b) SEM image at 30° tilted view of InP nanostructure array grown on InP {110}
substrate, demonstrating the shape evolution from nanowire to vertical nanomembrane with the increase
of slot length along the <112> directions. (c) Enlarged SEM image from the corresponding area in (b)
showing that both tripod-like and unbranched nanowires can be formed when openings are nanoholes
with small areas. (d) Vertical InP nanomembrane array with longer <112> oriented nanoslot length

compared to those in (b). Scale bars: (b,d) 10 um; (c) 1 pm.

Based on the crystallographic structure of cubic {110} substrate, there are two in-plane
<111>A directions and one <111>A direction pointing upward (see Figure 5.8a). Since InP
nanowires grown by SAE prefer to grow along the <111>A directions based on the analysis
above, tripod-like nanowires are formed along these three directions from the nanoholes or
short nanoslots (Figure 5.8b,c). Note that the in-plane <111>A oriented growth can be easily
interrupted in the case of small opening, leading to the formation of unbranched nanowires
(Figure 5.8b). With the increase of nanoslot length along the <11 2> direction, the
nanostructures evolve from nanowires to vertical nanomembranes (Figure 5.8b). More details
of the shape evolution can be found in Figure 5.9 where the enlarged SEM images of the
representative nanostructures and the corresponding CL spectral peak mapping are
demonstrated. CL peak wavelength image in Figure 5.9e indicates the three branched nanowires
have WZ phase with a ZB phase at the intersection. Moreover, the ZB intersection region

becomes longer and taller with increasing slot length, forming a vertical nanostructure bound
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by {111}B side facets, as highlighted by the teal coloured areas in Figure 5.9b,c and confirmed
by the CL results (Figure 5.9f,g). Meanwhile, axial growth of the <111>A oriented nanowire
branches gradually decreases (Figure 5.9a-c). When the nanoslot is longer than a critical length,
branch I evolves into a WZ layer against the ZB part while the branches 1l and 11 tend to vanish,

eventually leading to the formation of the vertical nanomembrane (Figure 5.9d).

Figure 5.9: (a-d) 30° tilted SEM images of InP nanostructures grown on {110} InP substrate,
demonstrating shape transformation from the tripod-like nanowire to vertical nanomembrane with the
increase of slot length along the <112> direction. Red arrows indicate the <111>A directions. (e-g)
Corresponding CL peak mapping of nanostructures in (a-c), indicating their crystal phase distribution.

Scale bars: (a-d) 500 nm; (e-g) 1 um.

Structural investigation of the vertical nanomembrane in Figure 5.9d suggests that its
growth mechanism is the same as the layered nanomembrane grown on {100} substrates (see
Figure 5.10). Figure 5.10a is a low-magnification STEM image of the cross-sectional
nanomembrane where ZB and WZ phase layers can be identified by the different coloured areas,
as confirmed by the FFT patterns in Figure 5.10b,c. Atomically-resolved HAADF STEM
images from the areas d and e in Figure 5.10a confirms the formation of WZ/ZB homojunction
(see Figure 5.10d,e). Careful STEM examination reveals that the ZB layer is free of planar
defects and the WZ layer is of high quality with few defects, which are evidenced by the
atomically-resolved STEM images from areas f, g and i in Figure 5.10a (see Figure 5.10f,g,i).
Similar to inclined nanomembranes grown on {100} substrate, here, the main part of the ZB

layer is formed due to epitaxial growth directly on the {110} substrate along the <101>
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direction. The absence of planar defects is also due to the growth direction deviating from <111>
orientations.® Meanwhile, the lateral growth along the <111>A and <111>B directions form a
thick WZ layer and a thin ZB layer, respectively. Before the growth of the high quality WZ
layer, a thin transition layer with twin planes is formed (Figure 5.10d,e), similar to the case of
nanomembranes grown on {100} substrate. Note that the interface between ZB and WZ layers
is close to but outside of opening as well (Figure 5.10a,h), which is similar to that the WZ layer
is grown along the <111>A directions after the nucleation and filling up of opening with ZB

InP crystal.

Figure 5.10: Structural investigation of a vertical InP nanomembrane grown from <112> oriented
nanoslots on InP {110} substrate. (a) Low-magnification HAADF STEM image taken along the <112>
zone axis of a nanomembrane cross-section from the region indicated by the red dashed line in Figure
5.9d. (b,c) FFT patterns extracted from the areas f and i in (a) showing the ZB and WZ phases,
respectively. (d-g,i) Atomically-resolved HAADF STEM images taken along the <101> zone axis from

the corresponding areas in (a). Scale bars: (a) 100 nm; (f,g,e) 2 nm; (h) 5 nm.
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53.3. InP {111}B, {112}A and {112}B substrates

The above studies in Sections 5.3.1 and 5.3.2 demonstrate the possibility of simultaneously
engineering the shape and crystal phase of InP nanostructures by changing the pattern design
with consideration of the crystallographic nature of the adopted substrates. Similar shape
evolution for nanomembranes grown on {100} and {110} substrates suggests the same growth
fundamentals, which provides new insights into the design of nanostructure geometries,
networks, and homo/hetero-structures for advanced devices. In short, InP nanostructures prefer
to grow along the <111>A directions and form WZ phase. If <111>A oriented growth is
restricted by the substrate and/or designed pattern, they could grow along other low-index
orientations with a ZB phase. In the case of nanoslots which are parallel to {111} planes,
nanomembranes are bound by {111}B and (0001) side facets. These growth behaviours help
predict the shape and crystal phase of the InP nanostructures, for example, growth on InP
{111}B, {112}A and {112}B substrates as will be discussed in this section.

The patterned openings on InP {111}B substrate are schematically illustrated in Figure
5.11a. It can be seen that nanoslots are designed to be aligned parallel with a {111}A side plane
(i.e., along the <101> directions). Tripod-like nanowires along three <111>A directions are
grown due to the weak confinement effect of nanoholes and short nanoslots (see Figure 5.11b,c),
which has also been observed by Ikejiri et al.>* As expected, the three branches in the tripod-
like nanowires are WZ phase and their intersection region is ZB phase, which is confirmed by
CL results (see Figure 5.12). Moreover, the ZB intersection region suggests that InP directly
grown on InP {111}B substrate at the initial stage is of ZB phase.®* With the increase of slot
length along the <101> direction, nanostructures evolve from tripod-like nanowires to tilted
nanomembranes when a strong confinement effect is imposed from nanoslots that are long
(Figure 5.11b), similar to observed shape evolution of InP nanostructures on {100} and {110}
substrates. These tilted nanomembranes are aligned parallel with {111} side planes, determined
by the angle (70.5°) with respect to substrate (see Figure 5.11d). Figure 5.11e indicates that
nanomembranes grown from long <101> oriented nanoslots have a high yield. Besides, CL
examinations demonstrate that the inclined nanomembranes also form a pair of WZ and ZB
layers as with the two other cases discussed earlier (Figure 5.13). Note that the WZ layer is

grown upward.
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Figure 5.11: (a) Schematic diagram of the designed openings (i.e., nanoholes and <101> oriented
nanoslots) on InP {111}B substrate. (b) Top view SEM image of InP nanostructures grown from the
opening array showing the shape evolution from nanowires to inclined nanomembranes with the
increase of slot length. Enlarged SEM images of (c) tripod-like nanowire and (d) tilted nanomembrane
grown from a nanohole and a <101> oriented slot, respectively. Red arrows in (a,c,d) indicate the
<111>A directions. (e) Top view SEM image of InP nanomembrane array demonstrating the high yield

of nanomembranes. Scale bars: (c,d) 1 um; (e) 10 um.

Figure 5.12: (a) Top view SEM image of a tripod-like InP nanowire grown on InP {111}B substrate.
(b,c) False colour CL spectral mapping of the rectangular area in (a) at different wavelength range: (a)
860-880 nm, (c) 910-930 nm. (d) CL peak wavelength image.
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Figure 5.13: (a) Top view SEM image of InP nanomembrane grown from <101> oriented nanoslot on
InP {111}B substrate. (b) CL spectra at the corresponding positions indicated in (a). (c,d) False colour
CL spectral mapping at different wavelength range: (c) 860-880 nm, (d) 910-930 nm.

The upper panel of Figure 5.14a schematically depicts the opening array consisting of
nanoholes and nanoslots on InP {112}A substrate. These nanoslots are designed along the in-
plane <101> direction, and thus aligned parallel to two of {111}A planes with corresponding
<111>A directions indicated by the dotted arrows. The two {111}A planes are either
perpendicular or inclined with respect to {112}A substrate, referred to as the perpendicular and
inclined {111}A planes, respectively. Figure 5.15a,b shows the shape evolution from V-shaped
nanowire to vertical nanomembrane when InP nanostructures grow with the increase of opening
along the <101> direction. The branches of V-shaped nanowire grow along both in-plane and
out-of-plane <111>A directions, as indicated in the lower panel of Figure 5.14a. For long
nanoslot length, vertical nanomembranes are formed. Note that the growth of nanomembranes
parallel with the perpendicular {111}A plane is preferable compared to that parallel with the
inclined {111}A plane. CL results indicate that these vertical nanomembranes also consist of
both ZB and WZ layers (see Figure 5.15c-g). Moreover, CL panchromatic mode image shows

an interface which is caused by the contrast between ZB and WZ layers (Figure 5.15d). CL
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spectral peak mapping in Figure 5.15e,f and spectra in Figure 5.15g confirm that the upper part
of the nanomembrane is WZ phase while the lower part is of ZB phase.

Figure 5.14: Schematic diagrams of the designed opening arrays and grown nanowires on (a) {112}A
and (b) {112}B substrates, respectively. Opening arrays on both substrates consist of nanoholes and in-
plane <101> oriented nanoslots with different length. Black dotted arrows indicate the <111>A
directions. In addition to morphologies, the schematics of nanowires more clearly show the <111>A

directions.
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Figure 5.15: InP nanostructures grown on InP {112}A substrate. (a) Top view and (b) 30° tilted view
SEM images of the nanostructures with the increase of slot length along the <101> directions, showing
the shape evolution from V-shaped nanowire to vertical nanomembrane. (c-g) Further optical
characterization of the nanomembrane highlighted in (b). (c) Top view SEM image. (d) Panchromatic
mode CL image. (e,f) CL spectral mapping at different wavelength range: (e) 860-880 nm, (f) 910-930
nm. (g) CL spectra at the corresponding positions indicated in (c). Note that the scale bar in (b) applies
to both SEM images in (a,b).

The designed openings on InP {112}B are schematically illustrated in the upper panel of
Figure 5.14b. Likewise, the shape evolution from nanowire to nanomembrane are observed
with the increase of opening along the <101> direction (Figure 5.16a). For nanoholes or short
nanoslots, the tripod-like nanowires are grown. Their branches grow along an in-plane <111>A
and two out-of-plane <111>A directions (see the lower panel in Figure 5.14b). For long <101>
oriented nanoslots, either tilted or vertical (indicated by the orange arrow) nanomembranes
grow. In comparison, the tilted nanomembranes are preferred. Both kinds of nanomembranes
are aligned parallel to the {111} planes, demonstrating great similarity with the growth

behaviours occurring on other substrates discussed above.
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Figure 5.16: (a) Top view SEM image of InP nanostructures grown on InP {112} B substrate, showing
the shape evolution from tripod-like nanowires to nanomembranes with the increase of opening along
the <101> directions. (b) 55° tilted view SEM image of a few of the nanomembranes. Scale bars are 5

pm.
5.4.  Growth models

The experimental results of InP nanostructures grown on InP substrates of different orientations
have been investigated so far. However, to develop a unified understanding for SAE of InP
arrays, the following questions need to be answered. Firstly, under identical growth conditions,
how do different crystal phases form during nucleation along the <111>A and <111>B
directions? Moreover, what is the underlying mechanism of shape transformation? The
consistent growth behaviours on InP substrates of various orientations shown above as well as
the growth on InP {111}A substrate discussed in Chapter 4 provide important information to
help answer these questions. In the next sections, two models are established to address these

questions.

5.4.1. Nucleation-based model on {111}A and {111}B substrates

54.1.1. Nucleus formation enthalpy

We first use a nucleation-based model to analyse the nucleation on both {111}A and {111}B
planes. The formation enthalpy of an InP nucleus with i number of facets, AG, can be described

by the following equation:*®

AG = _A.HN + Z?:l yifacet ' A{acet + (Vint. - Vbase) ' Abase (5-1)
where Ay is the chemical potential change for nucleation per I111-V pair; N is the number of I11-
V pairs for a given volume (V) of InP nucleus; ¥/ ", yin.. and ypqs. represent surface energy

of the i-th exposed crystal facet, interfacial energy, and base (or substrate) surface energy,

respectively; A{ et and A4, denote the surface area of the i-th exposed crystal facet and base
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surface area, respectively. N = V /2 where 2 = a,3/4 is the volume of a single I11-V pair with
a, as the InP lattice constant. The change in chemical potential per 111-V pair, Ay, is calculated

as follows:36

P P
UL 4 py i
Pr110 Py o

Py In

Ap = kT , (5.2)

P +Py
In equation (5.2), kand T are Boltzmann constant and the growth temperature, respectively; P
and Py are the partial pressures of In and P sources, respectively, while Pyio and Py are the
equilibrium vapour pressures on solid InP surface at the given temperature T. Considering that
the partial pressure of PHs is two orders of magnitude higher than that of TMIn, equation (5.2)
could be simplified as®

Au ~ kT In 2L (5.3)
Pyo

Under the current growth condition, Au is calculated to be approximately 400 meV, which is
comparable to chemical potential values that have been generally considered to be relatively
low (group Ill-rich) for MOCVD growth.*> 3

Since crystal surface energies are known to change with surface reconstructions, which in
turn depend on relative chemical potential during MOCVD growth, surface reconstruction has
been taken into consideration while adopting crystal surface energies from the literature. The
InP crystal surface energies used in this model are listed in Table 5.1, which are associated with
surface reconstructions that are stable at low chemical potential conditions.® 3 In addition, all
InP substrates have a ZB phase, hence y;,;. is equal to 0 or y;,,;»When nucleus is of ZB or WZ
phases, respectively. Here y;,,i, IS the formation energy of the twin which causes the phase
transition. The value of y,,,;,, is obtained from the literature, as listed in Table 5.1.* While most
of values of facet surface energies are directly obtained from the literature, several assumptions
are made since the surface energies of WZ facets are not well-reported. The surface energies of
(0001) and (0001) WZ facets are assumed to be similar to that of ZB {111}A and {111}B facets
respectively, in consideration of the similar atomic configurations of their terminated surface.°
On the other hand, while there is general agreement that the cleavage-type surface
reconstruction of InP WZ {1010} facet is stable under a wide range of relative chemical
potentials,*" 4% different calculated surface energies for this facet have been reported. In this
model, we found that surface energy of {1010} facet should be at least 4 eV/nm? for the
calculation results to match experimental observations. Here, a value of 4.1 eV/nm? is used in

this work, which is close to the calculated values reported in the literature.*! 42
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Table 5.1: Values of surface energies of WZ and ZB InP facets and twin formation energy.3® 3

{1113A | {1113B | {100} | (0001) | (0001) | {101} | {1010} | ¥iwin

Surface energy
(eV/nm?)

5.0 5.8 6.2 5.0 5.8 5.5 4.1 0.056

54.1.2. Details of the investigated nuclei

Table 5.2: Details of the three different nuclei on {111}A and {111}B InP planes.

{111}A base plane {111}B base plane
Side Top Side Top Schematics
Phase facets facets Phase facets facets
Case {111}A {111}B
| ZB | {111}B or ZB | {111}A or
none none
Cflse ZB | {101} | {1113A | zB | {101} | {111}B hﬁ\l o 1o
b | ‘ 4
" dﬂ
Case = = =
i wz | {1010} | (0001) Wz | {1010} | (0001)

We restrict our model to the low-index facets according to the observed InP morphology:
{111}A, {111}B, {101}, {1010}, (0001), and (0001). The possible nuclei with different
combinations of crystal phases, shapes and facets are listed in Table 5.2, categorized as Cases
I, Il and 1. In this model, we consider that the nuclei have bilayer height of I11-V pairs, given
by h = ayv3/3.% In Case |, the nucleus is of ZB phase, and have either truncated (when
v6/3d; > h) orideal (when v/6/3 d; < h) tetranedral geometry with {111} side facets, where
d; is the bottom side length of the tetrahedron. Although the intended nucleus shape for Case |

is a truncated tetrahedron, the shape geometry becomes unphysical when d; is shorter than a

threshold related to the InP bilayer height (d; < \/ﬁh). Hence, for very small nucleus
dimensions, Case | nucleus takes the shape of an ideal tetrahedron nucleus to avoid unphysical
calculation results. Case Il represents ZB nuclei with hexagonal geometry bound by {101} side
facets. In Case Ill, the nucleus has WZ phase and hexagonal geometry with six equivalent
{1010} side facets.

5.4.1.3. Calculations of free enthalpy formation of all the nuclei
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Case I:

The volume of the nucleus in Case I (V;) is given as follows:

242, L4 <h
VI = 3 ; (54)
V2| ;3 V6 V6
EP,—@ﬁgm)}?¢>h
According to equation (5.1), the formation enthalpy of a nucleus with ZB phase (AG;) can be

expressed as follow:

z NG
_Aﬂzl + 3Aside,lyside,l - Abase,lybase' ?dl <h
46, = Vi o ' ; (5.5)
—Ap -+ 3A5i4¢,1Vsiae s T+ Atop,iVeop,s ~ AbaseVbaser 5 A1 > h
[ V3 ' 3v2 3V3 V3
In equation (5.5). Asides = Apase. = lez  Agiges = = dith—==h*, Awop = T(dz -

2
gh) » Yside,q = Yr11138 @ Yeopr = Vbase = Yr11134 1N the case of {111}A substrate while

Ysideq = Yi113a @0 Yeop 1 = Vbase = V(11138 IN the case of {111}B substrate, where y{;1134

and y(1113p are the corresponding surface energies of {111}A and {111}B facets.

Case Il

The volume of the nucleus in Case Il (V/;;) is given as follows:

3v3
V” = Tduzh (56)
where d;; is the hexagon side length, as shown in Table 5.2. In this model, the formation
enthalpy of all the nuclei is calculated and compared under the condition of same volume. Thus,

we have V, = V};. By substituting equation (5.6) into (5.4), d;; can be expressed in terms of d;

as follows:
6d;3 6
/f’, £mSh
54h 3

d; = j@[d,s_(d,_ghf]

54h

(5.7)

,Ld; > h

According to equation (5.1), the formation enthalpy of a nucleus with ZB phase in Case Il (AG;;)

can be expressed as follows:

%
AGy = —AM# + 6Agide 11V side,11 (5.8)
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where Agiqe ;1 = djyh and the surface energy of side facets yiqe 11 = Y1013 in the case of both

{111}A and {111}B substrates.
Case Il1:

The volume of the nucleus in Case Il (V};;) is given as follow:
£
2

where d;;; is the hexagon side length, as shown in Table 5.2. Likewise, assuming that all the

Vi = d1112h (5-9)

nuclei have the same volume, we have

( |vea;? V6
I\/ 54}1’ ?d’Sh

iy = dyy = 4{\/\/5[0113(011‘/2%)3] V6

54h '3

(5.10)

d; >h

According to equation (5.1), the formation enthalpy of a nucleus with WZ phase in Case Il

(AGy;)) can be expressed as follows:

v
AGy = —A#% + 6Asige 111V side, i1 + Abase,111Y twin (5.11)
33

where Agige ;11 = diprh, Apasenr = Td,,,z, the surface energy of the side facets ygige; =

Y1070} IN the case of both {111}A and {111} B substrates.

Based on the calculations, the formation enthalpies (AG;, AG;;, and AGy;;) of all the nuclei
grown on both {111}A and {111}B substrates with the increase of their feature size are plotted
in Figure 5.17. The critical nucleus sizes are comparable to the values reported in the literature

that are calculated based on the similar approaches, which supports the validity of this model.
36, 37

For nucleation on {111} A planes, AG of the WZ phase nucleus (Case Ill) is much lower
than its counterparts with ZB phase (Cases | and I1), which explains why the growth of InP
nanostructures along the <111>A directions forms the WZ phase. Moreover, the big difference
of AG for Cases I/11 and Case 11 suggests a low formation possibility of ZB segments which is
consistent with high quality of all WZ phase nanostructures. On the contrary, the formation of
7B phase is preferred on {111}B planes due to the lowest AG of ZB phase nucleus (Case ).
AG of a ZB nucleus in Case | on {111}B planes is only slightly lower than that of WZ nucleus
in Case Ill, thus the sporadic formation of WZ phase is possible which is consistent with the
observed twins in the thin ZB layer (Figure 5.6i,j). The preferred Case | nucleation mode on

{111}B planes leads to the formation of three {111}A side facets where the nucleation mode
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of Case Il on {111}A planes becomes energetically favourable. This explains the SAE of
tripod-like nanowires with WZ branches and ZB intersection region grown on InP {111}B
substrate.®* In addition, for both {111}A and {111}B substrates, growth of vertical nanowire
or nanomembrane with ZB phase is missing under the current growth conditions since they are

not energetically favourable.

[s2]
[=2]

0 ? Il s P Il
&4 | g4
= =
(0] w
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32 1] 22 |
£ |/ 8
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Figure 5.17: Formation enthalpies of three different nuclei on {111}A and {111}B InP planes as a

function of their size.
5.4.2. Morphology transformation model

Following the nucleation-based model, another model is also proposed to explore the
mechanism of shape evolution from nanowire to nanomembrane with the increase of nanoslot
length. Since morphology change on InP substrates of different orientations is quite similar,
only nanostructures grown on {100} substrates are discussed here (see Figure 5.4a-e). Based
on the analysis above, InP initially fills up the opening and forms a shape bound by low-index
facets, such as {111}A facets. Then, subsequent growth could occur along the <111>A
directions with WZ phase or along other low-index orientations with ZB phase, eventually
forming a nanostructure with different shapes. On InP {100} substrates, with increasing
nanoslot length along the (101), direction, VV-shaped nanowires evolve into an asymmetrical
nanostructure (see Figure 5.18b,d). In other words, there are two different scenarios for growth
from the (101), oriented nanoslots, namely the symmetrical \VV-shaped nanowire structure and
the asymmetrical nanostructure, depending on the nanoslot length. In scenario 1, the ZB base
of V-shaped nanowire consists of four {111}A facets and one top {100} facet, as schematically
illustrated in Figure 5.18c, which is consistent with previous reports as well.3* %3 In scenario 2,
the ZB base has three {111}A, one {111}B and one {100} facets, as shown in Figure 5.18e. To

compare the effective surface energies of the nanostructures in both scenarios under the
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assumption of identical volume, WZ phase segments on the three {111}A facets are considered

in scenario 2 (see Figure 5.18f).

Figure 5.18: Shape transformation mechanism of InP nanostructures with the increase of nanoslot
length along the (101), direction on InP {100} substrate. (a) Schematic of in-plane (101), oriented
nanoslot. (b,d) SEM images of representative nanostructures demonstrate two different growth scenarios
during the shape evolution. (c,e) Schematics of the corresponding ZB regions (e) with and (c) without
{111}B facet. Nanoslot length and width are referred to as L and W, respectively. All unlabeled side
facets are {111}A. (f) Schematic of the nanostructure grown on the ZB base in (e) with the same volume
as the ZB region in (c). It shows that three WZ structures are grown on {111}A facets of the ZB base.
Scale bars in (b,d) are 500 nm.

54.2.1. Effective formation enthalpy equation and base structure definition

In general, the formation enthalpy of an InP crystal could be expressed as equation (5.1). Under
identical growth conditions and growth duration, it is assumed that the InP crystals grown in
both scenarios have equal volume. As a result, the first term of equation (5.1) can be omitted in
the following calculations. Furthermore, since the nanostructures in both scenarios have
identical base interface with the substrate, the v, .s. - Apase t€rms cancel out, and the effective

formation enthalpy, AG’, is finally simplified as follows:

46" =Ty v * - AL+ Yine  Apase ; (5.12)

i=17j
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where yine = Vewin If the newly formed crystal has WZ phase, and y;,; = 0 if the newly
formed crystal has ZB phase. ¥y, IS Obtained from the literature and listed in Table 5.1. Based
on equation (5.12), the effective formation enthalpies in the two scenarios are calculated as a
function of nanoslot length.

To simplify our calculations, it is postulated that the two nanostructures in both scenarios
grow from a common base nanostructure, with its geometry shown in Figure 5.19. The base
nanostructure is entirely in the ZB phase and has a truncated triangular shape, with three
{111} A facets (coloured lime) and one {111}B facet (coloured brown) exposed on the sides,
and one {100} facet exposed on top (coloured lavender). Figure 5.19b illustrates the truncated
equilateral triangular {111} A facet on the left side of the structure, whereby the ratio between
the truncated height h and untruncated height H (given by H = +/3L/2, where L is the nanoslot
length), k, is set to be 0.1. The consideration of a truncated {111} facet agrees with previously
reported approaches to model nucleation at early growth stage.®* ** Further enthalpy
calculations will only involve the exposed crystal facets of newly grown structure from the

common base nanostructure.

Figure 5.19: (a) 3D schematic of the ZB base nanostructure and (b) 2D view of the {111}A facet with

truncated equilateral triangular geometry.
5.4.2.2. Effective formation enthalpy calculation
Scenario 1:

In scenario 1, further growth proceeds on the {111}B facet of the base nanostructure, until
another {111}A facet is exposed (see Figure 5.20). The coloured region in Figure 5.20a
highlights the newly formed ZB part, with its volume (V1) given by the following equation:

AGERE [L3 ~(L- zgﬁh)g] ~ R~ 2y (5.13)

3
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L) = k- (L) (5.14)

where k = 0.1, L and h are the nanoslot length and height of the truncated {111}A facet,
respectively. As shown in Figure 5.20, the exposed facets of the newly formed part consist of
three {111}A side facets and one {100} facet on top. The respective surface areas are labelled
as Ag zp, Ap zp, and A. zp in Figure 5.20b. Based on equation (5.12), the effective formation

enthalpy for scenario 1, AG;, is described as follows:

AG{(L) = (Agze + 241 28)Y(1113a T Ac,zBY (100} (5.15)
Aazs = (L=22)h; (5.16)
Apzp =22 (5.17)
Aozs = (B2 =2n)h; (5.18)

Figure 5.20: 3D schematics of the newly grown InP in scenario 1. Aa ze, Avzs, and A¢ zs used in equations
(5.15)-(5.18) are labelled in the figure.

Scenario 2:

Figure 5.21: 3D schematics of the newly grown InP in scenario 2. Arrows in (a) indicate the <111>A

directions.
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Instead of the continued growth on the {111}B facet of the base nanostructure, three WZ
segments grow from the three {111} A facets. As highlighted in Figure 5.21, the newly grown
InP volume is distributed into two identical segments on both {111}A side facets (labelled V)
and a single segment on the left {111}A side facet (labelled V}!). As indicated by the arrows in
Figure 5.21a, the two symmetrical V/ segments grow in <111>A directions that are away from
the substrate surface, while the VJ! segment grows in <111>A direction pointing toward the
substrate. The symmetrical VJ segment in Figure 5.21b has four {1010} side facets (labelled as
A, wz and Ag y,7) and one (0001) facet (labelled as A, ) on top, whereas the VT segment is
surrounded by three {1010} facets (labelled as A, 7 and A,y z) and terminated by a (0001)
facet (labelled as A, z), as shown in Figure 5.21c. Two unique angles (« and g) formed
between the edges of the {1010} side facets with respect to substrate and {111}A growth front
are determined to be 50.77° and 71.57°, respectively, based on the crystallographic calculations.

The total newly grown volume in scenario 2 (V) is given by:

V, = 2v) + VI (5.19)

vi =22 hwh, (5.20)
vz Vvio, \] 38 23

v =S = (=) | - e - B, 521

where h; and hy; are the lengths of the V) and V} segments, respectively (see Figure 5.21b,c),
and W is the nanoslot width which is approximately 170 nm. Under equal volume consideration,
V, = V,. In other words, V, is distributed into two portions of VJ and one portion of VJ!. With
h known from equation (5.14), there are two unknown variables in V} and v}/, namely h; and
h;;. To solve these variables, the volume distribution ratio between V) and V! has to be
determined either analytically or through experimental measurements. Deriving an analytical
solution for the volume distribution ratio as a function of slot length L would invoke a kinetic
model that considers adatom diffusion on the growth mask and structure facets, which would
introduce complications into this model. On the other hand, due to the relatively high growth
rate in MOCVD, it is difficult to measure the distribution ratio experimentally. Based on the
aforementioned considerations, a volume distribution ratio v is defined as follow to simplify
the calculations of h; and hy;:

v="
1

0<v<1 (5.22)

y] =l (5.23)

2
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In this model, v is set to be 0.1. Note that the choice for the value of v is non-trivial and
has physical significance in the model, which will be discussed later. With the volume
distribution ratio defined, h; and h;; are then solved by substituting equation (5.13), (5.22), and
(5.23) into (5.20) and (5.21). Subsequently, the exposed facet surface areas that are unique to
this scenario, labelled Ag w7, Apwz, Acwz, Aawz, Aewz: Arwz, Agwz in Figure 5.21b,c, can

be determined accordingly.

In addition to the exposed facets, the V1! segment, which is a laterally overgrown structure
on top of the SiOx growth mask, also forms an interface with the mask. Figure 5.22 illustrates

this InP-SiOy interfacial area, which is labelled as Ag.

Figure 5.22: (a) Side view of lateral overgrowth of nanomembrane over SiOx growth mask. The
interface of 7}/ segment and SiOy is indicated by the yellow arrow. Its interfacial area is As. (b) Top

view of this interface surface area.

Finally, based on equation (5.12), the effective formation enthalpy for scenario 2 (AG,) is

described as follow:

AGy = (Aqwz + 24awz) - Yooor) + (2Apwz + Acwz + 4Aewz + 4Arwz) - Yiaotoy +

(ZAd,WZ + Ag,WZ) “Ytwin T (VInP{lOO}—SiOx - Vstox) - Ag (5.24)
V30

n—Y20, 23, VO

Aquwz =—22 (2L - 22p - T2hy)) (5.25)
V15 (2V3 V10 V6

Apwz = = (T h — = hu) hy + Ty i (5.26)
V15 2v3

Az =2 (L - Th) hy (5.27)

Ad,WZ - Wh (528)

Ae,WZ = WhI (529)
2v3
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e

Agwz = (L=22)n (5.31)
V10 3V10h

Ag = H(L o Dhy ; (5.32)

In equation (5.24), ¥ np100}-sio, and ¥sio, are the interfacial energy between V] segment and

SiOx mask and surface energy of SiOy, respectively, and As is the corresponding interface area.
Estimation of YIT!P{loo}—Siox and YSiOx:

Due to the difficulty of confirming the exact oxide composition in the SiOx growth mask
deposited by the PECVD system, we make a reasonable assumption of x = 2 in further analysis.
First of all, it is widely accepted that I11-V growth on amorphous material like SiO; follows the
Volmer-Weber mode or 3D island growth mode with a negative Young-Dupré spreading
parameter P, as defined in equation (5.33) below**:

¥ = ¥sio, = Yur-v = Yii-v/sio,; (5.33)

By applying the negative spreading parameter condition and taking y;;;—y = ¥mp(100y in OUr

case, an acceptable range for the y;,,p(100}-si0, — ¥sio, term in equation (5.24) can be deduced:

YImpP{100}-5i0, — ¥sio, = —YImpP{100} (5.34)

In the literature, two different but close values of SiO» surface energies were reported, which
were 1.6 and 1.8 eV/nm? respectively.*® %6 Using Fowkes” Law*’ to determine the interfacial
energy between InP {100} and SiOz:

YinpP{100}-sio, = Ympr{100} T Vsio, — 2\/VInP{100} *Vsio, » (5.35)
with YITLP{100} = 6.2 eV/nmz and ySiOZ =1.8 eV/nmz , the )/ITlP{IOO}—SiOZ — ySiOZ term in

equation (5.24) is approximately -0.5 eV/nm?, which satisfies the condition in equation (5.34).
5.4.2.3. Results and discussion

In the case of segment Il volume accounting for one-tenth of the total WZ volume (see Figure
5.18f),i.e. v = 0.1, effective total surface energies of scenarios 1 and 2 as a function of nanoslot
length are calculated and plotted in Figure 5.23a. The effective total surface energy of scenario
1 is smaller than that of scenario 2 when nanoslot is short, suggesting that scenario 1 is
energetically favourable. Conversely, scenario 2 is preferred when nanoslot is longer than a
critical length. The calculated critical length is approximately 550 nm in this model which is
comparable with the experimental results (Figure 5.4a). This model indicates that the driving
force of shape transformation with the increase of nanoslot length could be attributed to

minimization of the total surface energy. It is similar to our previous investigation of SAE
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growth of InP nanostructures on {111}A InP substrate.?® Thus, in addition to confinement effect
of opening, minimization of the total surface energy plays a key role in shape transformation of
nanostructures grown on all InP substrates regardless of their orientations. As a significant
parameter for determining the total surface energy of nanostructures, facet surface energy is
strongly related to growth conditions.*® %° This model is established with respect to InP
nanostructures grown at the optimized conditions provided in Section 5.2, but the principle can
be applied to guide SAE of a wide range of I1I-V nanostructures under different growth

conditions.

Figure 5.23: (a) Effective total surface energy of nanostructures in two scenarios as a function of
nanoslot length when v = 0.1. (b) Effective total surface energy of the nanostructure in scenario 2 with
the different v.

Effect of v:

The value of v defined in this model plays a role in determining L, iticai- AS v increases from
0.1 to 0.9, while the overall trend of AG; and AG, remains the same, L., iticq; 1S found to
decrease from approximately 550 to 280 nm. Since the value of v determines the surface areas
of WZ segment V] and V., the rate of increase of AG, will be affected by v. The AGJ;-L plot
with varying v values shown in Figure 5.23b illustrates this relationship. As mentioned
previously, due to the technical complexity in determining the exact volumes of all the WZ
segments in scenario 2, the value of v = 0.1 was chosen in such a way that our model provides

the best representation of experimentally observed L. iticai-
5.5. Summary

In this chapter, we demonstrated SAE of InP nanostructures with geometries evolving from

wire-like to membrane-like shapes on InP substrates with various orientations. Based on in-
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depth investigation of the morphology and crystal structure of these nanostructures, unified
growth fundamentals for SAE of InP arrays is established. We have revealed the relationship
of the crystal structure to substrate orientations, growth directions and surface energies of the
different crystallographic planes. At the initial nucleation stage on {100} and {110} substrates,
epitaxial InP layers inherit the pure ZB crystal phase of the substrates. Our proposed nucleation
model demonstrates that WZ and ZB phase nuclei are more energetically favorable on {111}A
and {111}B substrates, respectively, which then results in formation of WZ and ZB phases
along the <111>A and <111>B directions, respectively. In addition, crystal phase transition
does not occur along other low-index directions, which leads to the formation of pure ZB phase
layers along the <112> and <101> directions in the layered nanomembranes grown on {100}
and {110} substrates, respectively. Dependence of crystal phase on growth directions provides
an additional degree of freedom for crystal phase engineering, leading to formation of WZ/ZB
homojunction in layered nanomembranes with a large interfacial area. They are unique
platforms for investigating carrier transport in 2D systems and fundamental optical properties
of type-11 band alignment. By analyzing the shape evolution on substrates with different
orientations, we also found that the morphology transformation is essentially determined by the
confinement effect of the openings and minimization of the total surface energy. This work
provides new insights for the design and growth of 111-VV nanostructures with sophisticated
geometries beyond the nanowire geometry for new types of devices based on shapes and

geometry.
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CHAPTER 6

InNAsP quantum wells In InP nanowires and
nanomembranes

6.1. Introduction

In the last two chapters, we have demonstrated InP nanostructures with various morphologies
grown by SAE technique and thoroughly investigated their structural and optical properties, as
well as the mechanisms of shape transformation and phase transition regardless of substrate
orientations. Based on these results, it is vital to further investigating the incorporation of
guantum heterostructures, such as quantum wells (QWs) and quantum dots (QDs), since they
are able to greatly improve the properties and functionality of I11-V semiconductors. For
instance, the radial QWs and axially embedded QDs in nanowires exhibit high emission
efficiency thanks to the natural Fabry-Pérot cavity of nanowires themselves, and thus are widely
applied in lasing,* single photon emission,* and infrared photodetection applications, etc.>
So far, despite the success of growing homogeneous I11-V nanostructure arrays by SAE, the
formation of heterostructures is less studied compared to the metal-catalysed heterostructure
nanowires,%*! primarily due to the growth challenges of SAE, as it is harder to selectively
control axial and lateral growth rates by only tuning growth conditions without the help of a
catalyst. This situation leads to the insufficient understanding of heterostructure incorporation
in 111-V nanostructures grown by SAE. Especially, with increasing interests in a variety of
nanoshapes and network structures, the limited understanding of heterostructure growth gained
from nanowire research needs to be enhanced and, more importantly, extended to other types

of nanostructures.

In this chapter, using pure WZ InP nanostructures grown on InP {111}A substrates with
two kinds of morphologies, i.e. the conventional one dimensional nanowires and two
dimensional nanomembranes, as templates, we systematically investigate the growth
behaviours of InAsP QWs including crystal structure, morphology, polarity and composition.

As discussed in the previous chapters, WZ InP nanowires are generally bound by {1100} side
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facets, whereas WZ InP nanomembranes could be bound by either {1100} or {1120} side facets
depending on the nanomembrane orientation. The use of InP nanowires and two different
orientation nanomembranes allows us to investigate the effects of nanostructure shape and
crystal facets on InAsP QWSs growth. In Section 6.3, we first discuss the incorporation of InAsP
QWs in nanowires and reveal an asymmetric growth on nonpolar {1100} side facets. In Section
6.4, the similar asymmetric growth is observed in the <110>-oriented nanomembranes with
{1100} side facets. On the other hand, InAsP growth on the dominant nonpolar {1120} side
facets of the <11 2 >-oriented nanomembranes is quite uniform whilst the final QW
nanomembranes present high symmetry. Moreover, bright and uniform emission from the

nanomembrane QW heterostructures are achieved.
6.2. Experimental methods

InP/InNAsP QW nanowires discussed in this chapter were grown in the horizontal MOCVD
reactor. Trimethylindium (TMIn), arsine (AsH3), phosphine (PHs) were used as precursors for
In, As and P elements, respectively. The reactor was first heated to 750 °C and maintained 10
min in the Hz and PH3 ambient to desorb possible contaminants. Subsequently, InP nanowires
were grown at 730 °C with TMIn and PHs flow rates of 3.37x10° and 5.80x10* mol/min,
respectively. After InP growth for 16 min, InAs1«Px QW was grown for 3 seconds by switching
on the AsHs line with a flow rate of 1.02x10* mol/min to obtain a nominal composition of
InAso.15Pogs. Finally, an InP capping layer was grown for another 9 min under the same
conditions as those of the initial InP nanowires. The above growth conditions are referred to as
the standard growth conditions. In comparison, other growth conditions were also used which
will be specified in Section 6.3.

SAE of InP/InAsP QW nanomembranes were carried out in the close coupled showerhead
(CCS) MOCVD reactor. Two different orientation InP nhanomembrane templates were grown
at a surface temperature of 683 °C for 3 min with PH3 and TMIn flow rates of 1.25 x 10 and
4.20 x 10° mol/min, respectively. A QW with nominal composition of INAsy3Po7 was then
grown at the same conditions with an AsHs flow rate of 5.44 x 10 mol/min for 3 seconds,
followed by the growth of an InP capping layer for 1.5 min under the same conditions as those
used for InP templates. For the growth of multiple QWs, InP barrier layers were grown for 30

seconds between INAsP QWs.

The morphology of the nanostructures was characterized using an FEI Verios 460

scanning electron microscope (SEM). A Gatan MonoCL4 Elite cathodoluminescence (CL)
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spectroscopy equipped in the FEI Verios 460 SEM system, and CL spectroscopy and Moran
scientific CL mapping system established in an FEI Quanta SEM system were used for CL
characterisation. Structural and compositional analyses were carried out using a JEOL JEM-
ARMZ200f aberration-corrected scanning transmission electron microscope (Cs-STEM)

equipped with an energy dispersive X-ray spectroscopy system.

6.3.  InP/InAsP quantum well nanowires

6.3.1. Morphological and structural analyses

Figure 6.1 shows the morphologies of InP/InAsP QW nanowire arrays grown at different
conditions. For large diameter nanowires, they generally have a uniform triangular-like cross-
section. The discontinuity of side facets is commonly observed due to the incorporation of
InAsP QW, which in turn makes the QW position obvious, as indicated by the yellow arrows
in Figure 6.1b-f. The similar morphology of these QW nanowires suggests that they have the
same growth behaviour in a range of growth conditions. Consider that InP nanowire templates
grown at the standard conditions are of pure WZ structure, i.e. free of planar defects, they will

be used to further investigate the QW incorporation.
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Figure 6.1: 45° tilted SEM images of InP/INAsP QW nanowire arrays grown at different conditions.
Nanowire arrays in (a,b) are grown at the standard conditions (see Section 6.2) and their diameters are
approximately 55 and 200 nm, respectively. Growth temperatures for (c-e) and (f) are 730 °C and 740 °C,
respectively; TMIn flow rates for (c) and (d-f) are 4.048x10° and 3.373x10® mol/min, respectively;
PHjs flow rates for (c-€) and (f) are 5.804x10* and 6.25x10 mol/min, respectively; AsHs flow rates are
(c) 5.804x10%, (d) 1.451x10%, (e) 2.859x10*, and (f) 1.563x10* mol/min, respectively, and thus the
nominal composition of INAsP QWSs is (c) InAsesPo s, (d) INASo2Pos, (€) INAS 33P0 7, and () INAso 2Po s,
respectively. INAsP QW growth time is (c) 5, (d) 3, (e) 3, and (f) 4 seconds, respectively. All scale bars

are 500 nm.

InP/INASP QW nanowire arrays shown in Figure 6.1a,b are grown at the standard
conditions. Their diameters are approximately 55 and 200 nm, respectively. Normally, the
nonpolar nature of {1100} side facets leads to a hexagonal cross-section of WZ InP
nanowires.'? ¥ The morphology transformation from hexagonal to triangular shape is caused
by the growth of InAsP QW. The side facets of triangular-like InP/InNAsP QW nanowires are
still {1100} which is determined by their angles with respect to the cleavage plane of the
substrate. Thus, no facet rotation induced by QW growth is observed.!? Figure 6.2a shows the
low magnification HAADF image of a QW nanowire around the discontinuous position. The
corresponding EDX mapping of P and As elements in Figure 6.2b,c confirms the incorporation

of an axial QW at this position, as schematically shown in Figure 6.2d. Additionally, Figure
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6.2c shows that the QW also forms radially on InP nanowire side facets. Furthermore, the As
element signal on the left-hand side is broad and weak compared to that on the right-hand side
that is narrow and strong. Considering the crystal symmetry, the QW distribution on the side
facets is schematically described in Figure 6.2d, i.e. the QW alternately grows on the {1100}
side facets of the hexagonal InP nanowire template. Despite the current growth conditions being
optimised for axial growth, the coexistence of both axial and radial INnAsP QWs suggests that it
is challenging to grow selectively either axial or radial QW nanowires using SAE technique,
consistent with the reported SAE of InP/InGaAs!? 1 and InP/AlINPY® QW nanowires.
Therefore, a thorough understanding of the QW growth behaviour would be highly valuable.

Atomically-resolved HAADF images in Figure 6.2e,f show the structural details of the
QW nanowire. The atomic stacking sequence indicates that the axial INAsP QW is of ZB phase
and grown on the top of WZ InP nanowire template along <111>A-polar direction, while the
radial QW forming on the side facets inherits the WZ crystal structure of the InP nanowire. The
crystal phase of the top InP segment switches back to WZ phase after InAsP QW growth,
leading to an atomically sharp interface between axial ZB InAsP QW and WZ InP. Moreover,
the axial InAsP QW forms inclined {111}B side facets (see Figure 6.2e) which confirms the
cause of the discontinuous morphologies observed in Figure 6.1. The appearance of {111}B
facets also suggests that the stable polarity of ZB InAsP {111} facets is B-polar, agreeing with
reported InAsP nanowires.*® INAsP QW growth alters subsequent InP growth. For example, the
diameter of the top InP segments becomes smaller due to the formation of inclined side facets
during InAsP QW growth (see Figure 6.2e). Besides, the axial growth rate of InP is reduced by
a factor of 2.2 + 0.2 after the QW growth, which could be due to an increased competition of

lateral growth.
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Figure 6.2: Structural, compositional and optical analyses of InP/INAsP QW nanowires grown at the
standard conditions (see Section 6.2). (a) Low magnification HAADF image close to the axial QW area
of a QW nanowire with a small diameter (48 nm) along the {1120} zone axis. (b,c) EDX mapping of P
and As elements. (d) Schematic illustration of the typical InP/InAsP QW nanowires, showing the
morphology and distributions of axial and radial QWs. (e,f) Atomically resolved HAADF images from

the corresponding areas in (a). (f) SEM image and CL line scan of an InP/InAsP nanowire. Scale bar in

(9) is 1 pum.
6.3.2. Optical analysis

The CL result of an InP/InAsP QW nanowire shows strongest emission from the two ends due
to a Fabry-Pérot cavity formed by the nanowire geometry.!” Spectral information indicates
emission from WZ InP along the nanowire. At the axial QW region, a strong but broad emission
in the wavelength range of 900-1000 nm is observed. The broad emission peak width from our
QW nanowire is unexpected in consideration of the sharp interface between InAsP and InP.
One possible explanation is substantial composition fluctuation in the QW. Emission from the
radial InAsP QW is not observed at room temperature most likely due to the very thin layer of

the QW which results in poor confinement of carriers.
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6.3.3. Asymmetric radial QW incorporation

Facet-selective growth has been widely observed during heterostructure formation because of
the differences in surface energy and polarity.'® ® Thus, the asymmetric growth of the radial
INAsP QW observed above is unexpected since the {1100} side facets of InP nanowire
templates are nonpolar and therefore identical. However, {112} side facets of the axial ZB QW
are polar. Taking this polarity into consideration, we found that the radial QW growth always
occurs on the <112>A polar side of the axial QW. The detailed approach to determine the
<112>A polar direction according to diffraction pattern can be found from Yuan et al.?° and
Zou et al.?! As discussed in Section 2.4, crystal growth rate is greatly affected by the polarity
and could be tuned by growth conditions.'? 2! Yang et al. recently reported a triangular-like
cross-section on the top of InP/InGaAs QW nanowires where the radial QW and InP barrier
grow along both A- and B-polar <112> directions driven by the axial ZB InGaAs QW.?2
Moreover, the triangular-like shape is an intermediate morphology and the preference for {110}
sidewalls in axial ZB InGaAs QW finally leads to facet rotation of subsequent InP growth,
forming a hexagonal InP top with {110} facets. Differently, in our case, the fast growth rate
occurring on the {112}A polar side facets of the axial InAsP QW significantly facilitates the
growth of radial InAsP QW and InP capping layer toward the <112>A polar direction, whereas
the lateral growth on the {112}B polar sides is negligible, leading to the formation of triangular-
like QW nanowires dominantly bound with {1 1 00}side facets and the asymmetric

incorporation of radial QWs.
6.4.  InP/InAsP quantum well nanomembranes

InP nanowire templates used above have a six-fold symmetry, whereas InP nanomembranes
have a two-fold symmetry. Different growth behaviours of InAsP QW are expected in these
two kinds of nanostructures. More importantly, WZ InP nanomembranes can be bound by either
{1100} or {1120} side facets. Thus, the investigation of QW nanomembranes is vital in

understanding their growth behaviour and to improve optical properties.

6.4.1. Morphological and structural analyses

6.4.1.1. <110>-oriented nanomembranes bound with {1100} side facets

In Chapter 4, we demonstrate that <110>-oriented InP nanomembranes are very uniform and

have smooth {1100} sidewalls. However, after the growth of InAsP QW, the uniformity of
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nanomembrane array is reduced and sidewalls are no longer smooth (see Figure 6.3a and Figure
6.4a). A TEM lamella is prepared by focused ion beam (FIB) milling along the white dotted
line indicated in Figure 6.3a to expose the QW nanomembrane cross-section (Figure 6.3b) and
heterostructure interface. In the Z-contrast STEM image viewed along the <1120> zone axis
(see Figure 6.3c), the brighter areas are InAsP QW due to the incorporation of the heavier As
element, which is confirmed by EDX mapping of As and P elements in Figure 6.3d,e. Figure
6.3c shows a similar QW formation as in the case of nanowires discussed above. Axially, the
InAsP QW is grown as a ZB phase while radially it grows as a WZ phase, determined by the
atomic stacking sequence and FFT pattern in Figure 6.3f,g. Moreover, the radial QW only forms
on one {1100} sidewall of the InP nanomembrane, and also on the <112>A polar side of the
axial QW. The radial QW thickness reduces from top to bottom of the nanomembrane (Figure
6.3f,h,i). Besides, the larger dimension of nanomembranes leads to new growth behaviour. For
instance, WZ InAsP is found to grow on {1102} facets of the InP nanomembrane (see Figure
6.3f,j), which is similar to InP/InGaAs nanowire heterostructure with larger diameters.?? This
is a result of the top {0001} facet of the InP nanomembrane not joining the {1100} sidewall at
right angle, thus forming inclined {1102} facets. Subsequent growth of InP after the axial QW
remains ZB phase for ~6 nm before switching back to the preferred WZ phase (Figure 6.3f).
Possible explanations are minor interdiffusion of As element and the larger surface energy of
INAsP {111}A facet than the {111}B facet leading to ZB nucleation instead of the normally
observed WZ phase. The lateral growth rate of InP capping layer is larger on the <112>A polar
side of the axial InAsP QW as well as the radial QW in comparison to the near zero growth rate
along the <112>B direction (see Figure 6.3b,c). The growth rate difference caused by polarity
is commonly observed in 111-V nanowire heterostructure growth.?® Moreover, it can be seen
that the thickness of lateral InP capping layer below the axial QW is also reduced from top to
bottom, leading to formation of the inclined {1101} side facet (Figure 6.3c). The above
observations suggest that the asymmetric lateral growth of InAsP QW and InP capping layer
on the nonpolar {1100} side facets of <110>-oriented InP nanomembrane template is due to
the axial ZB InAsP QW which leads to the faster lateral growth along <112>A polar direction,

similar to QW nanowires discussed in Section 6.3.%2
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Figure 6.3: <110>-oriented InP/InAsP single-QW nanomembranes. (a) 30° tilted SEM image of the
QW nanomembrane array. The white dotted line indicates the ion milling direction and position for the
TEM lamella preparation. (b,c) Low magnification HAADF images of the QW nanomembrane cross-
section along <1120> zone axis. (d,e) EDX maps of As and P elements, respectively. (f-j) Atomically
resolved HAADF images from the corresponding coloured areas in (b,c). FFT pattern inserted in (g) is
extracted from the axial INnAsP QW which confirms that it is ZB phase and indicates that the radial QW
is located on the <112>A polar side of the axial QW. Scale bars: (b) 100 nm; (c) 50 nm; (f,g) 5 nm; (h,i)
2 nm; (j) 10 nm.

For the <110>-oriented QW nanomembrane discussed above, despite the axial growth
rate of InP capping layer being approximately 4.3 times slower than that of the initial InP
nanomembrane due to the competition of lateral growth after INnAsP QW growth, quite a thick
InP segment is still grown on the top (Figure 6.3b). However, an interesting point to note is that,
under the current growth conditions, the axial InP capping layer is absent in most cases, as
shown in Figure 6.4a-h. In all cases, both axial ZB and radial WZ InAsP QWs are formed.
Moreover, the radial QW forms asymmetrically on the <112>A polar side of the axial QW and

its thickness reduces from top to bottom.

Further increasing the number of InAsP QWs deteriorates the uniformity of the
nanomembrane, leading to the formation of a “protruding head” at one side of the
nanomembrane (see Figure 6.4i). Z-contrast STEM image of the <110>-oriented InP/InAsP

nanomembrane heterostructure with 5 QWs in Figure 6.4i shows that InAsP QWs form on the
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{0001}, {1100} and {1101} facets. The radial QWs are mostly formed on the <112>A polar
side of the axial QW as well but with a significant thickness nonuniformity. Moreover, the
inclined {1101} facets consistently grow larger with the number of QWs, leading to the

formation of the irregular “protruding head”.

Figure 6.4: <110>-oriented InP/InAsP single- and multiple-QW nanomembranes. (a) 30° tilted SEM
image of the single-QW nanomembrane array. The white dotted line indicates the ion milling direction
and position for the TEM lamella preparation. (b,c) Low magnification HAADF images of the single-
QW nanomembrane cross-section along <1120> zone axis. (d,e) EDX maps of As and P elements,
respectively. (f) HAADF image enlarged from the area marked in (c). The FFT pattern inserted in (f) is
extracted from the axial QW, suggesting that the axial QW is of ZB phase and the radial QW is located
on the <112>A polar side of the axial QW. (g,h) Atomically resolved HAADF images from the
corresponding coloured areas in (b). (i,j) 30° tilted SEM and corresponding cross-sectional HAADF
images of an InP/InAsP 5-QW nanomembrane. Scale bars: (a) 1 pum; (b) 200 nm; (c,j) 100 nm; (f) 20
nm; (g,h) 2 nm; (i) 500 nm.

6.4.1.2. <112>-oriented nanomembranes bound with {1120} side facets

Figure 6.5a shows the <112>-oriented InP/InAsP single-QW nanomembrane array. It can be
seen that even after InAsP QW growth they are highly uniform and no surface roughening is
observed. The TEM lamella of an QW nanomembrane is prepared by FIB along the dotted line
marked in Figure 6.5a. Low magnification HAADF image of the nanomembrane cross-section
along {1100} zone axis shows that radial QW grows on both {1120} sidewalls (Figure 6.5b).

The interface between QW and InP is quite sharp without any dislocations (see Figure 6.5¢,f).
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Moreover, the radial QW has a uniform thickness from top to bottom of the sidewalls with a
thickness of ~2 nm. In comparison, the radial QW thickness in <112>-oriented nanomembrane
is much thinner than both axial and radial QWs of <110>-oriented nanomembranes (see Figure
6.3f-h and Figure 6.4f). After growing five InNAsP QWs, the <112>-oriented nanomembranes
still maintain a decent shape (Figure 6.5g-1). In addition, the axial QW growth rate is
significantly reduced compared to the radial QW growth rate. Indeed, it may be even suppressed
to near zero (see Figure 6.5k). These results show that {1120} facets are more desirable for
multi-QW growth. One possible explanation is that {1120} and {110} facets have similar
atomic arrangement and InAsP prefers to form {110} facets such as in SAE grown InAs and

GaAs nanowires.

Figure 6.5: <112>-oriented InP/InAsP (a-f) single-QW and (g-1) 5-QW nanomembranes. (a,g) 30° tilted
SEM images of nanomembrane arrays. The dotted lines indicate the direction and position for preparing
TEM lamellae. (b,h) Low magnification HAADF images along {1100} zone axis showing the cross-
section of these two nanomembranes. (c,d,i,j) EDX maps of As and P elements. (e,fk,) High
magnification HAADF images from corresponding coloured areas in (b,h). Scale bars: (a,g) 1 um; (b,h)

100 nm; (e,f) 2 nm; (k,I) 20 nm.
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6.4.2. Compositional analysis

It can be seen from EDX maps of As and P elements shown in Figures 6.3-6.5 that the
distribution of INAsP QW in the <112>-oriented QW nanomembranes exhibits not only high
symmetry but also high uniformity compared with that in the <110>-oriented nanomembranes.
EDX spectra are extracted from a few positions 1-7 for quantitative composition analysis, as
shown in Figure 6.6. By comparing the intensity of P element in InAsP QW with that from an
InP reference, InAsP composition at the locations 1-6 is determined to be InAso.s3Po37,
INAS0.79P0.21, INAS0.51P0.49, INAS0.68P0.32, INAS0.72P028, and InAso.77Po23, respectively. The
composition difference between the axial and radial QWs of the < 110 >-oriented
nanomembranes can reach 17%, suggesting QW composition is highly dependent on facets.
The variation in composition could lead to different emission peaks and a complex emission
behaviour. On the other hand, for the <112>-orientated InP nanomembranes, the radial QW has

a uniform composition distribution.
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Figure 6.6: EDX spectra extracted from positions 1-7 marked in Figures 6.3-6.5.
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6.4.3. CL analysis

CL characterisation was also performed on InP/InAsP QW nanomembranes that have been

knocked down from their growth substrates to evaluate the QW emission. Based on the fracture
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at the bottom {111} plane, the growth direction of representative <110>- and <112>-oriented
QW nanomembranes is indicated by the yellow arrows in Figure 6.7a,e and Figure 6.8a,e,
respectively. For the <110>-oriented nanomembrane in Figure 6.7a, the CL emission spectra
(Figure 6.7i) contain emissions from WZ InP (860-880 nm), radial InAsP QW (940-960 nm)
and axial InAsP QW (1550-1570 nm). The emission maps for these wavelength regions are
shown in Figure 6.7b-d, respectively. The emission from WZ InP and radial QW have similar
intensity distribution and is strongest at the lower half of the nanomembrane. At the top half
section, the emission is dominated by axial QW emission with a spectral range extending
beyond 1.6 um, close to the detection limit of our detector. Moreover, Figure 6.7f-h,j shows the
CL maps and spectra of another <110>-oriented nanomembrane. By comparing these two
samples, we found that the emission wavelength and intensity of the axial and radial QWs
significantly vary from one nanomembrane to another, which can be attributed to the

inhomogeneous thickness distribution and composition variation of the QW.

Figure 6.7: Spatially resolved CL emission of two representative <110>-oriented InP/InAsP single-QW
nanomembranes: (a-d,i) sample 1; (e-h,j) sample 2. (a,e) SEM images. (b-d,f-h) Normalized intensity
maps at different wavelength ranges. (i,j) Corresponding CL spectra from positions indicated in (b-d,f-
h).
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Figure 6.8a-j shows CL results of two representative <11 2 >-oriented single-QW
nanomembranes. Compared with the <110>-oriented single-QW nanomembranes in Figure 6.7,
their QW emission is more uniform. Specifically, the signal from WZ InP nanomembranes is
fairly uniform across the whole nanomembranes (Figure 6.8b,f). The radial QW emission
spectra of these two nanomembranes can be deconvoluted into two peaks: 1286 and 1336 nm
for the sample in Figure 6.8a,i; 1286 and 1352 nm for another sample in Figure 6.8e.j. The
intensity distributions of these peaks are presented in Figure 6.8c,d,g,h, showing that despite of
the slightly stronger emission intensity at one side, QW emissions are observed for the whole
{1120} facets. The QW emission is fairly uniform across the array, showing a strong and broad
emission peak around 1.3 um (Figure 6.8k,l). No axial QW related emission is observed from
the <112>-oriented nanomembranes. In addition, the results above also suggest that a slight
composition and/or thickness variation occur during the radial QW growth on the {1120}
sidewalls, and thus further growth optimisation is needed. Still, the <112>-oriented QW
nanomembranes are greatly superior to the <110>-oriented nanomembrane and nanowire

counterparts.
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Figure 6.8: (a-j) Spatially resolved CL emission of two representative <112>-oriented InP/InAsP
single-QW nanomembranes: (a-d,i) sample 1; (e-h,j) sample 2. (a,e) SEM images. (b,d,f-h) Normalized
intensity maps at different wavelength ranges. (i,j) Corresponding CL spectra from positions indicated
in (b-d,f-h). (k) SEM image of the <112>-oriented single-QW nanomembrane array. (I) CL line scan

along the line indicated in (k).
6.5. Summary

In this chapter, we investigated the growth of InP/InAsP QW heterostructure in both nanowires
and nanomembranes. The growth behaviour of InNAsP QW was thoroughly studied, including
crystal structure, composition, spatial distribution, and shape evolution. InAsP QWs grow both
axially and radially, forming ZB and WZ structures, respectively on the InP nanowires and
nanomembranes. Both axial and lateral QWs present a very sharp interface. Radial QW
distribution varies on different sidewalls. QW formation on the {1100} side facets of nanowires
and <110>-oriented nanomembranes is asymmetric and nonuniform, and grows only on the
<112>A polar side of the axial ZB QW. This asymmetric QW growth is due to the faster lateral

growth rate along <112>A polar direction driven by the axial QW. Furthermore, the lateral
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growth rate decreases with distance from the axial QW, resulting in a nonuniform QW thickness.
In comparison, QW grows uniformly on the {11 2 0} sidewalls of <11 2 >-oriented
nanomembranes even after growing five QWSs. InAsP QW growth significantly affects
subsequent InP growth. First, the axial growth rate of InP is greatly reduced due to competition
from the lateral growth and can be suppressed to near zero. Moreover, the asymmetric growth
deteriorates the symmetry of the nanowires and <110>-oriented nanomembranes. The cross-
section of QW nanowires transforms from a hexagonal to a triangular shape. For the <110>-
orientated nanomembranes, inclined {1101} sidewalls are formed after QW growth, leading to
the formation of a “protruding head” at the top. On the other hand, the <11 2>-oriented

nanomembranes remain a high symmetry after QW growth.

In addition, a strong correlation between QW composition and growth direction is
observed, which can be as high as 17% for As element. In the <112>-oriented nanomembranes,
the axial growth rate of QW can be suppressed to near zero. Even though a composition
fluctuation might exists in all QWs, the <112>-oriented nanomembranes are more uniform.
Thus, while emission property from QW in nanowires and <110>-oriented nanomembranes
varies from one to another, strong and uniform emission at telecommunication wavelengths is

observed from the <112>-oriented QW nanomembranes.
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CHAPTER 7

Conclusions and future outlook

7.1 Conclusions

This dissertation has investigated the SAE of InP nanostructures with diverse shapes, developed
a thorough understanding of shape transformation and phase transition, and explored novel
functional structures and InAsP quantum well heterostructure growth for future optoelectronic
applications. It expands the research interests of 111-V compound semiconductors from 1D

nanowires to nanostructures with higher-order 2D/3D shapes.

Firstly, shape engineering of InP nanostructures grown on {111}A InP substrates using
SAE technique was investigated in Chapter 4. The preference for {111} substrate as a starting
point is due to vertical growth of Il1I1-V nanostructures such as nanowires. To control the
nanostructure shapes, openings with different geometries and dimensions were elaborately
designed and patterned on a dielectric mask layer over InP substrates, including nanoholes,
nanoslots with different orientations and nanorings. Subsequently, InP nanowires,
nanomembranes/nanoprisms and nanorings were achieved from these three types of openings,
suggesting the significance of confinement afforded by the mask pattern in shape engineering.
The morphology and optical properties of nanomembranes and nanoprisms with different
growth temperatures and V/I11 ratios were systematically investigated to optimise the structural
and optical properties, such as nanostructure regularity and uniformity, minority carrier lifetime,
and photon emission intensity and uniformity. At low temperatures, trenches were commonly
observed on the top surfaces due to inefficient diffusion of indium adatoms, as explained by a
kinetic model. It was shown that higher temperatures were required to grow these
nanostructures with high crystal and optical qualities. At optimal conditions, InP nanostructure
arrays with different shapes, i.e. nanomembranes, nanoprisms and nanorings, exhibited high
uniformity. Moreover, the detailed structural and optical results revealed that they had pure WZ
crystal phase, and strong and uniform photon emission across an array, regardless of their

shapes. For nanoslots with different low- and high-index orientations, shape evolution with
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increasing slot length and growth time has been investigated. {1010}, {1120} and high index
facets (thermal stability {1010} > {1120} > high index facets) can coexist, but metastable
{1120} and high index facets eventually evolve into {1010} facets. A theoretical model was
proposed to explore the fundamental mechanism of shape transformation. It has been found that
in addition to confinement from the mask, shape transformation is essentially determined by

minimisation of nanostructure total surface energy.

In Chapter 5, InP nanostructures with different shapes grown on {100}, {110}, {111}B,
{112}A and {112}B InP substrates were investigated, aiming to build a unified understanding
for SAE of InP nanostructures and explore more structural possibilities. Shape evolution from
V-shaped/tripod-like nanowires to bilayer nanomembranes with the increase of nanoslot length
along specific crystal orientations was demonstrated on all the above non-{111}A substrates.
In-depth analyses revealed that while these nanowires consisted of two/three WZ phase
branches along the <111>A directions and one ZB intersection region against the substrate, the
bilayer nanomembranes comprised of one WZ layer along the <111>A directions and one ZB
layer grown along the <111>B or other non-<111> low-index directions. These results together
with the growth of InP nanostructures on {111}A substrates indicated that crystal phase of
nuclei and subsequent nanostructures was highly dependent on substrate orientation/polarity
and growth directions. The crystal phase of nuclei on non-{111} substrates inherits a ZB phase
of the underlying substrates and grew along non-<111> oriented low-index directions, due to
phase transition which generally occurs with the formation of planar defects along the <111>
crystal directions. The polarity difference for nuclei on A- and B-polar {111} substrates and
growth along A- and B-polar <111> directions led to formation of respective WZ and ZB
structures, which was energetically favourable as confirmed by a proposed model. Besides, the
similar shape evolution with increasing nanoslot length on the substrates of various orientations
suggests an identical mechanism for shape transformation, which can also be attributed to
pattern confinement and minimisation of total surface energy, as explained by a theoretical
model. More surprisingly, the bilayer InP nanomembranes with a large size WZ/ZB
homojunction was achieved, which provided a new class of nanostructures with potential in

optoelectronic applications.

Finally, Chapter 6 investigated the growth of InAsP QW in pure WZ InP nanowires and
two types of <110>- and <112>-oriented nanomembranes to facilitate the optoelectronic
applications of shape-engineered InP nanostructures. Structural examination by Cs-corrected

STEM revealed that InAsP QW could grow axially and radially with a sharp interface, and form
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ZB and WZ phases, respectively. For InP nanowires and <110>-oriented nanomembranes,
although they were bound by nonpolar {1100} side facets and the incorporation of the radial
QW was asymmetric. Detailed analysis showed that the radial QW grew selectively on
sidewalls at the <112>A side of the axial ZB QW, suggesting that the axial QW increased the
growth rate of radial QW along the <112>A directions. Furthermore, the driving force became
weaker with distance from the axial QW, leading to slower growth rate of the radial QW and
uneven thickness distribution from the top to bottom. The axial ZB QW also affected
subsequent radial growth of InP capping layer in the same way as radial QW, resulting in
morphology transformation of nanowires from hexagonal shape to triangular shape, asymmetric
<110>-oriented QW nanomembranes, and even the formation of a “protruding head” after the
growth of 5 QWs. After the incorporation of QW, the axial growth of InP was significantly
suppressed due to the competition from lateral growth, and in most cases could be reduced to
near zero. On the other hand, InAsP QW can uniformly formed on both sides of the <112>-
oriented InP nanomembranes bound by {1120} side facets from the top to bottom and
maintaining a high symmetry even after growing 5 QWs. Compared with the radial QWs,
growth of the axial QWSs were greatly reduced. In addition, the QW composition and its optical
properties were thoroughly studied. It was shown that the QW composition was highly
dependent on the crystal facets. In case of the <110>-oriented QW nanomembranes, the
difference between axial and radial QWs could reach up to 17% for the As element. In
comparison, QW composition in the <112>-oriented QW nanomembranes are much more
uniform. CL maps and spectra revealed that the axial and radial QWs in the <110>-oriented
QW nanomembranes emitted with inhomogeneous intensity at different wavelength range, and
vary from one sample to another. On the other hand, <112>-oriented QW nanomembranes
demonstrated strong and quite uniform emission at the telecommunication wavelength range

around 1.3 um, making them promising platform for future optoelectronic devices.
7.2 Future research directions

In this thesis, the shape transformation mechanism of InP nanostructures has been investigated
in detail, and nanostructures with a number of shapes, such as nanowires, hanomembranes,
nanoprisms and nanorings, have been demonstrated. Next, one of the compelling follow-on
works is to explore the application of these tunable nanoshapes in metasurfaces/meta-optics.
Numerical simulations are needed to design these nanostructures in terms of shapes, dimensions

and arrangement in an array. Moreover, a few aspects with respect to epitaxial growth remain
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to be tackled. For example, InP nanostructures with more different shapes and ordered array
comprising of various shapes need to be investigated to meet the simulation results. Moreover,
shape engineering of nanostructures can also be investigated on other 111-V semiconductors,
such as GaAs and InAs, to compare and expand the operation wavelength range. In addition to
the application in metasurfaces/meta-optics, the expansion of research interests to other I11-V
semiconductors is inevitable in consideration of the great potential in fundamental science, and

electronic/optoelectronic applications.

Some chemicals, such as ZEP520A and HMDS, currently used during substrate
preparation are toxic, which need to be replaced in the long term. Besides, EBL system is used
to fabricate openings on SiOx/substrates, which is time-consuming and impractical for mass
production. Thus, a new fabrication processing using other techniques is highly desirable, such

as nanoimprint lithography.

InP-based nano/microrings are worthy of further investigation for lasing application.
Nano/microring cavities can support optical modes (usually whispering gallery modes) and
generate lasing when gain is present in the material. For simplicity, the investigation of ring
laser can be first carried out on {111}A InP substrates through a series of steps. Firstly, a
professional simulation tool can be used to design the required structure and study its mode
characteristics. Subsequently, the growth conditions can be investigated to control the facets
and dimensions of the ring, incorporation of axial and radial quantum well heterostructures (e.g.
InGaAs), and doping. A thick SiOx dielectric mask layer is required to minimise the optical
losses to substrates. Lastly, the optical properties and lasing action can be studied using various
optical characterisation techniques.

A novel bilayer InP nanomembranes with WZ/ZB homojunction have been demonstrated
in this work. They have high crystal quality for each layer, a large and atomically sharp WZ/ZB
interface. These unique features make them different from their nanowire counterparts. Carrier
dynamics in this bilayer nanomembranes has been thoroughly investigated by a collaborator
(Dr. Zhicheng Su, ANU), revealing type-11 band alignment and 2D carrier localization. Next, a
very promising research direction is to fabricate this type of nanomembranes into devices, such
as solar cells and photodetectors. In addition, further investigation is required to improve the
uniformity of these interesting InP nanostructures grown on non-{111}A InP substrates to
enable their practical applications over a large scale.
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The superior structural and optical properties of InP/InAsP quantum well heterostructure
nanomembranes have been demonstrated. Still, further growth studies are needed to realise
doping, control the incorporation of axial and radial quantum wells, obtain a higher uniformity
of composition and photon emission, and tune the emission wavelength, even when multiple
quantum wells are grown. It would then be very interesting to move the research focus to device

applications, such as optically or even electrically pumped lasers.

Growing I11-V semiconductors on Si has always been a hot topic because of the low cost
of Si and most importantly, the great significance in integration of 111-V devices with Si-based
microelectronics. For example, InP nano/mcrorings can provide an efficient light source for Si
photonics. The small footprint of nanostructures greatly reduces the intrinsic growth challenges
caused by the mismatch of lattice and thermal expansion and antiphase domains. Still, it is
difficult to grow InP nanostructures on Si but considering the great opportunities of integrating
InP nanodevices onto Si chip, this topic is worthy of further investigation. Amongst different
growth approaches such as modification of Si surface properties and controlling the surface
polarity by pre-flowing group Il or group V precursors, epitaxial lateral overgrowth, and aspect

ratio trapping methods definitely deserve further studies.

161





