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Abstract

This thesis concerns the theoretical and experimental study of three applications of III-V semiconductor
nanowires. First, a detailed overview of the catalyst-free bottom-up growth of GaAs and InP nanowire
arrays is presented. Control of nanowire radial and axial growth is demonstrated through tailoring of

growth conditions and pre-growth fabrication methods.

The limits of the catalyst-free growth technique are then investigated, leading to the establishment of an
approach which allows for nanowire cross-section morphology to be precisely controlled. GaAs/InGaAs
nanowire axial heterostructures are grown with elongated cross-section, resulting in the emission of
strongly linearly polarised light from the nanowire top-facet. This represents the first demonstration
of emission polarisation control in bottom-up semiconductor nanowires and provides a promising route
for realisation of position-controlled linearly polarised single photon sources for quantum information

applications.

Control of nanowire morphology is also leveraged to enable investigation of the mechanical properties
of catalyst-free GaAs nanowires with different cross-section aspect ratios. Bottom-up semiconductor
nanowires show great promise as ultrasensitive nanomechanical resonators owing to their high struc-
tural quality and small motional mass. A slight random asymmetry in the hexagonal cross-section of
regular nanowires which commonly arises as a result of small differences in the growth rates of the
nanowire side facets, however, means that the direction of motion of the non-degenerate nanowire flex-
ural modes cannot be determined a priori. It is demonstrated that the ability to manipulate nanowire
cross-section morphology allows for deterministic control of the direction of nanowire motion at the

growth stage.

Finally, a nanocavity design comprising an InP nanowire placed in a partially-etched GaAs photonic
crystal slot waveguide is developed. Optimisation of the cavity design is performed using a combination
of frequency-domain and FDTD simulations. After fabrication of photonic crystal slot waveguide
devices using a top-down etching process, experimental realisation of the nanocavity design is achieved
through nanomanipulation of individual nanowires deposited on the photonic crystal device substrate
using an atomic force microscopy system. Such a cavity design provides potential for creation of high

quality position-controlled nanowire photon sources integrated in GaAs photonic circuitry.
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Chapter 1

Introduction

Owing to their reduced dimensionality, excellent structural properties and capability for as-
sembly from the bottom-up, semiconductor nanowires have become the present focus of intense
research interest for a wide range of fundamental and device physics. These include nanowire-
based integrated photonic structures with potential for achieving efficient delivery of light to
on-chip photonic circuitry [IH3] and nanowires as hosts for single photon sources [4H7] which
are of great significance for a number of quantum information applications [8-10]. Research
into nanowires has also been conducted for realisation of high brightness light emitting diodes
[11], nanoscale lasers with efficient, directional and low-threshold emission [12], and ultra-
sensitive vectorial force sensors [13, [I4] which harness the exceptional mechanical properties
of these structures. In addition, the large surface-to-volume ratio of nanowires has been ex-
ploited for a number of sensing applications [I5] [16], while the ability to grow nanowires on
lattice mismatched substrates provides a promising opportunity for monolithic integration of

ITI-V semiconductors with silicon microelectronics [17, [18].
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Chapter 1. Introduction

1.1 Properties of Semiconductor Nanowires

Nanowires may be defined as quasi-one dimensional columnar nanostructures, with a radial
dimension of the order of nanometers and an unconstrained length, typically 1-10 pm. When
formed from the bottom-up, they often exhibit a hexagonal cross-section, reflecting the crystal
structure of the nanowire. If the diameter of the nanowire is sufficiently small, these structures
can exhibit quantum confinement in two dimensions. For nanowires with large diameters
(i.e. much greater than 100nm), the nanowire structure may influence optical and electrical
properties via waveguiding and surface effects rather than by quantum confinement. Efficient

waveguiding is of particular importance for lasing applications [12].

Semiconductor nanowires can be fabricated using either top-down or bottom-up approaches.
The former typically begin with a bulk material from which nanowires are produced through
a combination of lithography and etching, while in the latter, nanowires are formed most
commonly using epitaxial growth techniques. Bottom-up growth is implemented in this work
as it allows for the tuning of nanowire properties to a much greater extent than is possible
using a completely top-down approach. Bottom-up growth also enables formation of nanowire
structures with near atomically smooth surfaces, while the etching processes involved in top-
down nanowire fabrication may result in damaged facets, which can adversely affect both the

optical [19] and mechanical properties [20] of the final structures.

In addition to morphology, orientation and surface quality, the crystal structure of nanowires
is an important consideration for device applications. Crystallographic imperfections can ad-
versely impact the optical and mechanical properties of the nanowire which may limit the
performance of nanowire-based devices. The nanowires grown during this course of research
were formed from GaAs and InP on (111)B and (111)A oriented substrates, respectively using
a catalyst-free bottom-up growth technique. Among the semiconductor materials available
for nanowire growth, I1I-V materials show particular promise, owing to their superior opto-

electrical properties, such as a direct bandgap and high electron mobility [21].
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1.1. Properties of Semiconductor Nanowires

When grown in bulk, the crystal structure of both GaAs and InP adopts the zinc blende
(ZB) arrangement [22]. For GaAs nanowires grown by the catalyst-free technique, the crystal
structure is also typically (ZB). GaAs nanowires formed in this manner, however, usually
contain rotational twinning planes, where a single crystal phase is rotated 180° about the (111)
growth axis [23, 24]. A ZB twin can be thought of as a monolayer of wurtzite (WZ) crystal
structure [25], and consecutive formation of twin planes in a ZB nanowire essentially forms a
region of WZ nanowire. ZB and WZ have different bandgaps and electron affinities [26] and
so there is a discontinuous band alignment at the interface between the two different crystal
phases. The localisation of charge carriers that can result from this staggered type-II band
alignment at the ZB-WZ interface may impair the optoelectronic performance of the nanowire
structure. To date, there have been no reports of successful elimination of rotational twinning

planes from GaAs nanowires grown in the (111)B direction by the catalyst-free technique.

Studies have shown that the structure of InP nanowires grown by the catalyst-free technique
is generally different to that of GaAs. InP nanowires typically develop with the WZ crystal
structure [27], but often consist of alternating WZ and ZB sections along the growth axis
[28]. The resulting nanowires are therefore referred to as being polytypic. Polytypism is
accompanied by a stacking fault perpendicular to the nanowire growth axis between the WZ
and ZB crystal phases. It should be noted that the term stacking fault refers to a local
interruption in the regular crystal stacking sequence that then continues in the same manner
after the stacking fault, whereas a twinning plane results in a change of the crystal structure
orientation and the stacking sequence is different before and after the twinning plane [29]. Like
GaAs, the ZB and WZ crystal phases of InP have different bandgaps and electron affinities,
which leads to a type-II band alignment in polytypic nanowires [30]. One consequence of
this is that photoluminescence from polytypic nanowire structures spans a broad range of
emission energies, due to radiative recombination occurring not only within a single crystal
phase, but also between the two different crystal phases. In addition, it has been reported
that the formation of alternating sections of different crystal phase along the nanowire length

in this manner can also influence the mechanical properties of the nanowire structure [31].



Chapter 1. Introduction

1.2 Thesis Synopsis

This thesis focuses on the modelling and experimental study of III-V inorganic semiconductor
nanowires and nanowire heterostructures produced using a selective-area catalyst-free growth
approach. Three main applications are considered: nanowires as a means of tailoring the opti-
cal properties of quantum dots, nanowires as mechanical vectorial force sensors and nanowires

as building blocks for future integrated photonic devices.

The extensive efforts undertaken to produce GaAs and InP nanowires by the catalyst-free
growth technique are discussed in Chapter Attempts at further developing the catalyst-
free growth technique described in this chapter resulted in a new method by which to control
the morphology of bottom-up GaAs nanowires. This morphology control is used to tailor the
polarisation of emission from an embedded InGaAs structure in Chapter [3, and as a means of
deterministically controlling the direction of motion of the flexural nanowire mechanical modes
in Chapter [4 In Chapter 5 attempts at developing a moveable nanowire-based nanocavity
arrangement consisting of an InP nanowire placed in the centre of a partially etched GaAs
photonic crystal slot waveguide are discussed. Finally, Chapter [6] provides a summary of the
conclusions drawn from each of the previous chapters and discusses the potential direction in

which research in some of these areas can be continued.



Chapter 2

Growth of III-V Nanowire Arrays
on (111) Substrates

2.1 Introduction

Semiconductor nanowires can be fabricated using a number of different approaches which are
commonly grouped into two broad categories: top-down and bottom-up. Top-down methods
typically begin with the deposition of a hard mask on a planar semiconductor wafer. A pattern
determining the nanowire cross-section is transferred into the hard mask lithographically and
nanowires are then produced via a subsequent top down etch using a highly anisotropic etchant
[32, B33]. Although top-down methods are well established, a major downside of nanowire
formation through this process is the potential development of etch damage on the nanowire
sidewalls, which can negatively influence the optical [19] and mechanical [20] properties of the
resulting structures. Bottom-up methods, on the other hand, involve the chemical synthesis of
nanowires whose properties can be precisely controlled during growth. Bottom-up fabrication
methods offer great scope in the tuning of nanowire characteristics, for instance through radial
growth, and the ability to develop epitaxial quality surfaces, both of which are not possible

with conventional top-down technologies.
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The most commonly cited technique in the literature for bottom-up fabrication of semicon-
ductor nanowires is the vapour-liquid-solid (VLS) mechanism, a catalyst-assisted process in
which a nanoparticle (typically Au) is used to seed nanowire growth [34]. This process is
depicted schematically in Figure a). Initially, catalyst nanoparticles are deposited onto a
suitable substrate surface, for instance a crystalline inorganic semiconductor (nanowire growth
on non-crystalline substrates has also been demonstrated [35]). To initiate nanowire growth,
gases or molecular beams containing suitable adatoms are then introduced over the surface of
the heated substrate, incorporating within the molten catalyst nanoparticles and forming a
supersaturated eutectic alloy. Following this, crystalline semiconductor precipitates out below
the individual catalyst nanoparticles, leading to the formation of a nanowire structure at each
nanoparticle site. Self-catalysed nanowire growth, in which the catalyst droplets are formed
from a constituent element of the resulting nanowire structure (usually a group III element),

has also been developed using a similar process [36].

The catalyst-free approach is an alternative bottom-up growth technique which enables nanowire
formation without the use of a catalyst particle. In this approach, which is schematically de-
picted in Figure (b), a small aperture defined within a growth mask (e.g. SiO2) deposited
on a suitable semiconductor substrate surface is used to determine the nucleation site of
the nanowire. When suitable adatoms are introduced to the surface, vertical free-standing
nanowires are formed at the nucleation sites as a result of facet-dependent crystal growth
rates [37, [38], provided the correct substrate crystal orientation is used. By relinquishing the
need for a catalyst to drive nanowire growth, this approach offers a number of advantages
over the VLS technique, including prevention of impurity incorporation in the nanowire from
the catalyst [39, [40] and potential for higher quality interfaces in nanowire heterostructures,
as nanowires formed via the VLS technique can be afflicted by the catalyst ‘reservoir effect’
[41, 42]. A number of heterointerfaces, such as quantum wells [43] 44], quantum dots [45] and
radial core-shell structures [46, [47] have been realised to date using this growth approach, and
devices that have been developed from the catalyst-free formation of nanowires include lasers

[48, 149], light emitting diodes [50] and single photon sources [0} [7, [51]. Heterogeneous
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Figure 2.1: Overview of two main techniques employed for semiconductor nanowire growth. (a) Sum-
mary of the vapour-liquid-solid (VLS) growth mechanism. (left-to-right) A catalyst nanoparticle is
deposited onto the substrate surface; Gaseous precursors containing the adatoms for initiation of
growth incorporate within the molten catalyst at high temperature, forming a crystalline nanowire
structure; As depicted here, the metal catalyst remains at the top of the nanowire after growth has
been completed; (b) Summary of the catalyst-free procedure. (left-to-right) A small aperture is defined
with a thin dielectric growth mask on a crystalline substrate; Precursors containing the adatoms for
growth diffuse across the growth mask and incorporate within the aperture; a nanowire forms at the
aperture site. Both growth processes depend on appropriate choice of growth conditions.

growth of nanowires on Si substrates using this technique has also been demonstrated, for
example GaAs/AlGaAs on Si [62], InGaAs on Si [I7, 18] and InAs on Si [53, [54]. The ability
to form III-V nanowire structures on Si without anti-phase defects or misfit dislocations offers
a promising route for the future monolithic integration of nanowire optoelectronic devices

with established Si microelectronics technology.

In this chapter, the bottom-up epitaxial growth of GaAs and InP nanowires using selective

area (catalyst-free) metal organic chemical vapour deposition (MOCVD) is described. Section
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first provides an overview of the growth technique implemented for both III-V material
systems. The details of the fabrication, growth process and characterisation of nanowires is
then given for GaAs in Section[2.3]and InP in Section[2.4] Development of the GaAs nanowire
growth approach discussed in this chapter allowed for the novel phenomena presented in
Chapters (3| and 4 while growth studies performed with the InP materials system provided
InP nanowires that were subsequently utilised for experimental studies of the nanowire-based

nanocavity system presented in Chapter

2.2 Overview of the Growth Technique

All of the ITI-V nanowire samples produced during this PhD project were grown by a catalyst-
free MOCVD technique, wherein vertical nanowire structures were grown from nanoapertures
in a thin SiOg dielectric film (~30nm) deposited on (111)B (for GaAs) and (111)A (for InP)
orientated substrates. Nanoapertures were formed in square arrays using a combination of

electron beam lithography (EBL) and reactive ion etching (RIE).

The fabrication procedure prior to nanowire growth and the growth process itself were both
very similar for both GaAs and InP materials systems, and therefore, to minimise repetition,
the pre-growth fabrication steps and growth scheme are described in detail only for GaAs
nanowire growth on (111)B GaAs substrates in the following sections. For InP nanowire

growth, only a brief overview of the notable differences in these processes is presented.

2.3 GaAs Nanowire Arrays on (111)B GaAs Sub-

strates

In the following sections, the process by which selective-area GaAs nanowire arrays on partially
masked (111)B GaAs substrates are formed is presented. First, the fabrication procedure

used to prepare the (111)B substrates for nanowire growth is described. An overview of the
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nanowire growth technique is then given, followed by a description of the growth parameters
utilised for each nanowire growth in this instance. The structural properties of the grown

nanowire samples are then discussed.

2.3.1 Fabrication of (111)B Substrates in Preparation for

MOCVD Growth

2.3.1.1 Alignment Marker Development

The first pre-growth fabrication step involved the patterning and etching of alignment markers
into a 2-inch diameter (111)B GaAs wafer. These markers were necessary to ensure accurate

alignment between the wafer and the pattern exposed during EBL in a later fabrication step.

Fabrication began with the baking of a new wafer on a 100°C hotplate for 60s in order to
evaporate any water on its surface. The wafer was then spin-coated with an optical resist,
BPRS100, at ~4000rpm for 30s, to give a resist thickness of ~900nm (Figure [2.2(b)). It
was then baked again for 5 minutes at 100°C to drive off the solvent in the spun resist.
Alignment markers were transferred into the resist using a manual mask aligner system.
The resist was exposed to ~300nm or ~400nm wavelength light through an optical mask
for ~2s or ~10s, respectively (Figure 2.2c)). For a particular resist thickness and exposure
wavelength and time, the resolution of the transferred optical mask pattern depends primarily
on the gap between the wafer and mask during exposure, and therefore minimising this gap
as much as possible was attempted for each exposure run. However, as the gap size was
manually controlled in the mask aligner system used in this instance, there was a possibility
of unintentionally bringing the wafer into contact with the optical mask, resulting in smearing
of the resist on the wafer and consequent contamination of the mask. To reduce the probability
of this occurring here, the system settings that provided an appropriate wafer-mask separation
for exposure were ascertained first using a bare 2-inch test wafer of similar thickness to that

of the wafer being subsequently exposed.
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Figure 2.2: Schematic overview of the fabrication process used to produce alignment markers in a
(111)B oriented GaAs wafer. (a) A bare GaAs wafer is (b) spin-coated with BPRS100 resist; (c)
Photolithography is performed to expose the alignment marker pattern into the resist; (d) The resist
is developed and exposed BPRS100 is removed; (e) The alignment marker pattern is transferred into
the GaAs substrate using an acid echant; (f) The BPRS100 resist is removed. An overview of the
alignment marker pattern produced after steps (b)—(f) is displayed in (g).

After pattern exposure, the BPRS100 resist was developed in a 3:1 HsO:PLSI solution for
60s at room temperature (RT), with the wafer then rinsed in deionised (DI) water and dried
with a nitrogen gun (Figure [2.2|(d)). In an effort to ensure no resist remained in the exposed
areas after developing, the wafer was then ashed in an oxygen plasma for 15s. Transfer of
the mask pattern into the GaAs substrate was achieved by submerging the wafer in a 1:8:80
Hy504:H502:Hy0 etch solution for ~60s at RT (Figure 2.2fe)). The initial concentrations
of HySO4 and HoO4 were 98% and 30%, respectively, which, with these etching conditions,
gave a typical etched marker depth of ~0.5pm. Confirmation of the etch depth was performed
through the measurement of an etched feature using a Dektak surface profilometer. Where
necessary, this etching step was repeated until the correct depth had been achieved. The
remaining BPRS100 resist on the wafer was then removed using warm organic positve pho-
toresist remover, EKC830 (Dow Chemical), followed by a rinse under running DI water and

subsequent drying with nitrogen (Figure [2.2[f)).
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2.3.1.2 SiO, Deposition and Square Definition

Plasma enhanced chemical vapour deposition (PECVD) of a ~30nm thick SiOg film on the
wafer surface was then performed at 300°C, using SiH4 and N5O as the source gases and a RF
power of 25W (Figure [2.3|(a)). The role of this deposited film was to act as a growth mask,
stimulating nanowire growth whilst restricting planar growth (as described in Section[2.3.2.2)).
Previous reports in the literature have shown that better control of selective area growth is
achieved when the coverage of this deposited growth mask is reduced (below full coverage).
For this reason the SiOs film was subsequently patterned into a set of individual squares with
a side length of 130um, using a similar combination of photolithography and wet etching that

was presented in the previous section.

Before the spinning of BPRS100 in the fabrication procedure here, however, an adhesion
promoter, Hexamethyldisilazane (HMDS) was first spun on the wafer for 30s at ~4000rpm to
increase the adhesion of the BPRS100 to the previously deposited SiOs film. Photolithography
was then performed with an optical mask consisting of a pattern that contained repeated 4 by
3 arrays of individual squares, which were not exposed during the exposure process. To ensure
correct alignment of these patterned squares relative to the previously patterned alignment
markers, this mask design also contained the same alignment marker pattern layout as that
of the mask used in the previous lithography step. After exposure and subsequent developing
of the resist, the exposed regions of the SiO5 layer were removed by placing the wafer in a 1%
solution of hydrofluoric acid (HF), followed by a DI water rinse and subsequent drying with
nitrogen. The remaining BPRS100 resist on the wafer was then again removed using warm

EK(C830, followed by a rinse under running DI water and subsequent drying with nitrogen.
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Figure 2.3: Definition of SiOs squares. (a) A thin SiOs layer is deposited onto the wafer using
PECVD; (b) The wafer is spin coated with BPRS100 resist, and squares of SiOy are defined using
photolithography and subsequent HF etching. The remaining resist is then removed; (c) Overview of
SiO4 square arrangement after steps (a)—(b), where each group of squares comprises 4 by 3 individual
SiO5 squares.

2.3.1.3 Nanohole Array Formation

After the second photolithography and etching process described above, the wafer was baked
at 100°C for 60s and then spin-coated with an electron-sensitive resist, 1:2 anisole:poly(methyl
methacrylate) (PMMA) at ~4000rpm for 30s, giving a resist thickness of ~90nm (Figure[2.4](a)).
To drive off the remaining solvent in the resist after spin-coating, the wafer was then baked

once more at 100°C for 5 minutes.

Square arrays of nanoholes, with a pitch of 4um, were then patterned into the resist using EBI[]
(Figure [2.4b)). The electron accelerating voltage and beam aperture used for patterning was
30kV and 10um, respectively. A typical array in this design consisted of 20 by 20 nanoholes,
all patterned with the same diameter. Between arrays, the diameter was varied, from 40nm

upto 180nm.

*EBL system used for patterning — Raith 150.
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Figure 2.4: Formation of nanohole arrays in SiO3 squares. (a) The wafer is spin-coated with PMMA
resist; (b) EBL is performed to expose a nanohole array pattern into resist; (¢) The resist is developed
before the nanohole array pattern is transferred into the SiOs squares using RIE; (d) Any final remnants
of SiO5 present in the nanoholes after RIE are expelled using a HF ‘dip’, and the remaining resist
is removed. SEM imaging is used to confirm that the nanohole pattern has successfully penetrated
through to the substrate surface. Inset shows a typical SEM image of a nanohole produced after steps
(a)—(d); (e) The wafer is cleaved in half and each half is cleaned a final time in preparation for nanowire
growth. Scale bar 100nm.

Following EBL exposure of the array design, the PMMA resist was developed in a 1:3 methyl
isobutyl ketone:isopropyl alcohol (MIBK:IPA) solution for 30s at 23°C, producing nanoholes
in the resist at the locations previously exposed to the electron beam. Again, to remove any
remaining resist in the exposed areas after developing, the wafer was then ashed in an oxygen
plasma for 5-10s. This ashing time was reduced in comparison to that adopted previously
in order to ensure that the developed nanoholes did not significantly increase in diameter,
and, as the PMMA resist layer was much thinner than that of the BPRS100 used in the
earlier photolithography steps, to prevent the complete removal of the unexposed resist from

occurring.

Transfer of the developed nanohole pattern into the underlying SiOs film was then achieved
using an anisotropic reactive ion etch (RIE) (Figure [2.4fc)). The wafer was dry etched at
RT for ~150s, using a 40sccm flow of CHF3, an RF power of 80W and a chamber pressure of

25mT. Following this, the wafer was again placed in 1% HF for a very brief period of time
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(~2s), in an attempt to remove any final remnants of SiOy that may have been present in
the nanoholes after the preceding RIE step. It has previously been demonstrated that the
brief exposure of the wafer to HF (after RIE) in this manner, can significantly improve both
nanowire yield and the overall uniformity of nanowires after growth, as a consequence of the
complete removal of SiOg in the nanohole sites [55]. After subsequent rinsing of the wafer in
DI water and drying with nitrogen, the remaining PMMA resist on the substrate surface was
removed using warm EKC830 as described previously. To determine whether the nanohole
pattern had been transferred successfully into the SiO4 layer after the etching process, the
wafer was then imaged using a scanning electron microscope (SEM). Although it could not be
determined conclusively from this imaging that the nanohole pattern had been etched all the
way through to the GaAs substrate as required, typically, it was observed that if there was a
strong contrast difference between a nanohole and the surrounding SiO», subsequent nanowire
growth from that nanohole site would be successful. An SEM image of an example nanohole

produced after the pattern transfer procedure described above is displayed in Figure (d)

After confirming that the nanohole pattern had been successfully transferred into the SiOq
film, measurement of the diameter of the etched nanoholes in each patterned array was per-
formed. Following this, the wafer was cleaved in half in the direction parallel to the major
flat orientation and each half wafer was then individually cleaned a final time using warm

EKC830 in preparation for nanowire growth (Figure [2.4(e)).

2.3.2 Growth of GaAs Nanowires

2.3.2.1 Metalorganic Chemical Vapour Deposition

GaAs nanowire growth was performed using a horizontal low MR350 MOCVD reactor housed
in the EPSRC National Centre for ITI-V Technologies at the University of Shefﬁeldlﬂ The main
components of the system, which is based on a tube furnace design, are depicted schematically

in Figure 2.5

fGaAs nanowire growth was performed by the author and Dr. Andrey Krysa.
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Figure 2.5: Schematic of the MR350 horizontal flow MOCVD system used for nanowire growth. Hy-
drogen gas is used to carry the hydride and metalorganic precursors to the reaction chamber. Black
arrows indicate the direction of gas flow. The exhaust gas mixture, containing unreacted precursors
and byproducts from the reaction chamber and the vent line, is passed through an activated charcoal
scrubber, which filters the toxic compounds in this mixture and releases Hy into the atmosphere. Upto
four 2-inch wafer halves can be accommodated by the molybdenum substrate holder plate that sits
atop the inductively heated stationary graphite susceptor block. MFC — mass flow controller.

The source materials supplied to the reaction chamber during GaAs nanowire growth were
trimethlygallium (TMGa), arsine (AsH3) and phosphine (PH3), with Hy implemented as the
carrier gas. The volatile organometallic TMGa source was stored at a constant temperature
and pressure in a sealed stainless steel cylinder (typically referred to as a bubbler), which was
immersed in temperature-controlled bath. The hydride sources (AsHs and PHj3) were stored
in high pressure cylinders and were directly supplied to the reaction chamber. Transport of
the TMGa precursor was facilitated by the flowing of the high purity Hy carrier gas through
the bubbler. As the pressure and temperature of the bubbler were fixed, the amount of TMGa
precursor entering the reaction chamber was determined by the Ho flow, which was accurately
monitored and controlled by an electronic mass flow controller (MFC). The hydride sources
were also mixed with the hydrogen carrier gas and controlled by MFCs. Transport of the
TMGa and hydride precursors to the reaction chamber occurred via separate supply lines to

prevent pre-reaction before entering the chamber.
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Inside the reaction chamber, the growth-prepared half wafer was held on a molybdenum sub-
strate plate that sat atop a stationary graphite susceptor block, which was inductively heated
by an external RF-supplied coil. Measurement of the graphite susceptor temperature was
achieved using a thermocouple inserted into the centre of the susceptor. It is important to
note therefore that readings from the thermocouple provided only an estimate of the temper-

ature at the substrate surface.

In an attempt to achieve reproducible nanowire growth, a short GaAs growth run, using
similar growth conditions as those for subsequent nanowire growth, was undertaken before
loading of the half wafer into the reactor. This coated the interior walls of the inner quartz
liner with GaAs, therefore presenting the same surface to the carrier gas in each nanowire
growth run. The same quartz inner liner was also employed for each growth run, as it was
possible that some variability in the carrier gas flow would occur between different liners. After
loading, the half wafer was first annealed by ramping the measured susceptor temperature
from RT upto 780°C over a time period of 9 minutes. The purpose of this annealing process
was to remove the native oxide from the substrate, as well as any organic contaminants that
may have been introduced during the previous processing of the wafer. To prevent desorption
of arsenic from the substrate surface while this annealing process was taking place, an AsHs
overpressure was maintained using a flow rate of 40sccm, which was introduced alongside the
Hy carrier gas (at a flow rate of 18,000sccm). Observation of thermocouple readings revealed
that the substrate experienced these conditions at 780°C for approximately 3 minutes in
total. The temperature was then lowered to the temperature selected for subsequent growth,
which in this case was 750°C, with the AsHjs overpressure maintained. Nanowire growth
then proceeded through the pyrolysis (decomposition) of the TMGa and AsHj3 sources over
the heated GaAs substrate (Ga(CHs)s + AsHs3 — GaAs 4+ 3CHy). All nanowire growth

presented in the following sections was performed at a pressure of 150 Torr.
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2.3.2.2 Mechanisms of Selective-area MOCVD Nanowire Growth

In selective-area MOCVD, the morphology of polygonal semiconductor nanostructures that
form within the openings of the mask layer is determined primarily by the relative growth
rates of each of the semiconductor crystallographic growth planes (the directions of which are
defined by the atomic arrangement of the semiconductor) during growth and the orientation
of the growth substrate [38] [56H59]. Planes that grow more slowly typically develop as facets,
leading to crystal structures surrounded by close packed planes with a minimum surface energy

after growth [60].

For GaAs (and most other III-V semiconductors), there exists a family of six low index {110}
growth planes which are oriented orthogonally to the (111)B growth plane. By promoting
growth on the (111)B plane at the expense of growth on the six {110} planes, formation of a
nanowire pillar with hexagonal cross-section can be achieved, terminated by a (111)B oriented
top facet. Implementing a (111)B GaAs substrate means that the nanowire top facet after
growth is oriented parallel to the substrate surface, and therefore the formed nanowire has a

vertical geometry.

Previous demonstrations of successful nanowire formation using this approach have shown that
the relative growth rates on the (111)B (axial) and {110} (lateral) planes depend strongly on
the surface coverage of the group-V species during growth. This behaviour can be explained
by considering the mechanisms of axial nanowire growth in selective-area MOCVD and the
relationship between the surface chemical potential of the respective planes (i.e. the number
of dangling bonds) and the effective coverage of the group-V species. Growth in the axial
direction, as shown schematically in Figure (a), proceeds mainly through supply of reaction
species adsorbed on the nanowire sidewall or surrounding growth mask which diffuse towards
the advancing nanowire top (111)B surface. Surface diffusion in this manner is more significant
for group-IIT adatoms as, relative to group-V adatoms, they have much larger diffusion lengths
[61]. It is noted that reaction species may also directly incorporate on the (111)B surface from

the vapour, but relative to the contribution from surface diffusion of species, the contribution
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to axial growth from this direct incorporation process is negligible owing to the substantial
difference in available surface area for adsorption (except at the nucleation stage of the growth

process).

(a) (b) (111)B plane

®
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Nanowire {110} planes
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@
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Figure 2.6: Selective-area nanowire growth by MOCVD. (a) Schematic overview of adatom contribu-
tions to axial nanowire growth. Adatom contributions include those (1) adsorbed on the growth mask
and (2) nanowire sidewalls which (3) diffuse towards the advancing top (111)B surface; (b) SEM image
of a GaAs nanowire formed on a (111)B substrate after growth. Scale bar 200nm.

For GaAs growth conducted at low growth temperatures and high AsHg flow rates, a large
number of As species impinge onto the growing nanowire surfaces and the desorption prob-
ability of these species is low [62]. Under these conditions, the migrating Ga species are
strongly adsorbed on the {110} planes as they contain both Ga and As atoms. The adsorbed
As adatoms, which are bonded to the Ga atoms provide additional dangling bonds for the
attachment of further Ga atoms, thereby enhancing growth on the {110} planes [57]. The
high surface coverage of As species under these growth conditions also leads to the formation
of energetically stable As-trimers on the As terminated (111)B surfaces [58, [63H65], which act
to inhibit incorporation of Ga atoms on these surfaces. Therefore, at low growth tempera-

tures and high AsHs flow rates, axial nanowire growth is suppressed and growth in the lateral

direction is dominant.
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Reducing the surface coverage of As species (i.e. increasing the probability of As desorption)
can be achieved through a combination of decreased AsHjz flow rate and higher growth tem-
perature. Under these conditions, the number of dangling bonds available for binding of Ga
atoms to the developing nanowire sidewalls is decreased and As-trimers on (111)B surfaces
become less stable. In addition, owing to the reduction of surface coverage of As species, nu-
cleation of polycrystalline GaAs structures on the growth mask is strongly suppressed under
these conditions, and reactive species are selectively deposited in the mask openings. Studies
of the temperature dependence of GaAs nanowire growth have demonstrated, however, that
the rate of axial nanowire growth also decreases with increasing temperature. This is thought
to be a consequence of increasing desorption of Ga species as temperature is increased, reduc-
ing the amount of Ga adatoms that successfully migrate from the mask region to the nanowire

growth sites [23] [66].

The optimum conditions for selective-area GaAs nanowire growth therefore lie between the
formation of As-trimers and the significant desorption of Ga species. Under these conditions,
the axial growth rate is limited only by the flow rate of the TMGa precursor [67]. Figure [2.6{b)
displays an SEM image of a typical nanowire produced after growth using this technique. In
contrast to similar catalyst-free nanowire growth by MBE [68], nanowires produced by this
growth approach are observed to have a minimum diameter limit that is set by the size of the
nanohole from which it has nucleated (i.e. the nanowire diameter can never be smaller than
the nanohole size). As reported in a previous study of selective-area GaAs nanowire growth,
even under conditions optimised for hexagonal nanowire formation, the shape of the crystal
at the initial stage of nanowire growth is observed to be tetrahedral, rather than hexagonal.
This is considered to be due to the fact that tetrahedral growth does not need as much energy
as hexagonal growth to overcome the energy barrier for nucleation [23]. The hexagonal shape
is then thought to prevail as a result of preferential growth on the {110} planes. After the
side facets of the hexagonal nanowire structure are developed, axial growth dominates as a
result of the relatively slow growth rate of the {110} planes under these optimised growth

conditions.
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Owing to the mechanisms by which crystal growth proceeds in this selective-area approach,
the properties of the patterned mask region also influence nanowire growth characteristics.
For optimised growth conditions, it has been demonstrated that final nanowire height typically
increases as the diameter of the nanohole from which it nucleates decreases [23| (65, (67, [69].
This is thought to be a result of the faster development of step sites at smaller diameter
nanoholes, which present a larger surface area for adsorption of migrating reaction species.
The relationship between nanowire growth rate and the pitch of patterned nanohole arrays is
somewhat less well understood for this growth approach. Previous reports of VLS nanowire
growth [61} [70] and selective-area nanowire growth using MBE [68] have shown that nanowire
growth rate (both axial and radial) typically decreases with decreasing nanowire separation
due to the increasing competition between adjacent nanowires for diffusing reaction species.
A previous report of successful selective-area GaAs nanowire growth by MOCVD, however,
demonstrated the opposite dependence of final nanowire height on nanohole pitch [65], though
the origin of this contrasting behaviour was not clarified in this report, instead being left for
future study. As, relative to a bare substrate, the effective surface area for adatom pre-
cipitation is greatly reduced by implementing a patterned growth mask, the growth rate of
structures in the patterned regions is also strongly related to the total coverage of the mask.
It has been demonstrated that better control over the morphology and uniformity of grown
structures is generally achieved when growth is performed on partially rather than fully cov-
ered substrates [65] [71]. This is presumed to be due to the fact that growth species adsorbed
on the mask are able to diffuse out to the exposed regions of the substrate surrounding the
patterned mask regions, which results in a reduction of the growth rate in the selective growth
sites. The choice of the patterned mask region size and geometry for growth in this instance
was based on that reported in previous demonstrations of successful selective-area nanowire

growth using this technique [65, 72} [73].

Taking into account the above discussion, it was expected that, given optimised growth con-
ditions, vertical nanowires with hexagonal cross-section would be formed after growth, with

individual nanowire growth rates inversely proportional to the diameter of the nanohole from
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which the nanowire had nucleated. However, after nanowire growth here, two growth modes
were actually observed, with the occurrence of each dependent on the treatment of the wafer
during the pre-growth fabrication steps described previously. Discussion of these two growth
modes is presented separately in the following sections. It should be noted that during each
growth run, TMIn was introduced into the reactor for a short time (~2-4s) in an attempt to
form a nanowire quantum dot (NWQD) within individual nanowires. However, discussion of
NWQDs is left to Chapter [3] and the growth of these embedded structures was not thought
to impact on the results presented in the following sections, which focus only on nanowire

growth itself.

2.3.3 Nanowire Growth Mode 1: Rough Planar Surface Growth

For each sample presented in this section, growth on the regions of the GaAs substrate not
covered by the SiOs squares (excluding the etched nanoholes) exhibited considerable surface
roughness, which gave rise to a matte-like appearance of the wafer after growth. Figure
displays an SEM image of the boundary between a patterned SiOs square and the exposed
substrate after a nanowire growth run, showcasing the typical surface profile of this rough
planar growth. As will become clear subsequently, the presence of such growth had a notable

impact on nanowire growth behaviour.

Following initial annealing of the substrate in the method described in the previous section,
nanowire growth on Sample QAEI was performed at 750°C for a total of 10 minutes using
TMGa and AsHj flow rates of 33 and 15scem, respectively. Such growth conditions had been
previously shown to produce GaAs nanowires of high structural quality [55], and were therefore
selected for growth on this sample. AsHg flow was maintained using a double dilution channel
in this instance, as the available single dilution channel (for AsHs) was controlled by 500sccm
mass flow controller (and thus measurements of the flow rate with this channel would not

have been accurate). At the end of the nanowire growth, with the TMGa channel closed, the

tSample 2A corresponds to growth sample reference MR3497.
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Figure 2.7: SEM image displaying rough planar growth on the regions of the GaAs substrate not
covered by SiOs (right-hand side). No GaAs overgrowth is observed on the SiOs square (left-hand
side). Scale bar 2pm.

AsHj flow rate was switched back to that used during the pre-growth annealing step (40sccm)
and, in an effort to passivate the dangling bonds on the surfaces of each nanowire, a PH3 flow
of 300sccm was simultaneously introduced into the reactor as the sample cooled down. By
introducing a PH3 overpressure while the sample cooled, it was posited that a certain amount
of arsenic/phosphorus exchange would occur at the surfaces of each nanowire, producing a
thin enclosing GaAsP capping layer, which has previously been shown to improve the optical

properties of GaAs nanowires [74].

Figure [2.8(a) displays an SEM image of an individual nanowire formed on Sample 2A after
growth. It is observed that the nanowire has a hexagonal cross-section (recognised most
prominently at the base of the nanowire), smooth sidewalls and is untapered. The diameter
of the nanowire is ~145nm, while the diameter of the initial nanohole in the SiOs growth
mask from which the nanowire formed was ~119nm, demonstrating that radial growth was
strongly suppressed with these growth conditions. However, as illustrated by the red circles
in Figure (c), contrary to previous reports of nanowire growth using this technique in the
literature, average nanowire height (and hence growth rate) was observed to increase with
increasing nanohole diameter. The maximum nanowire height in this instance (corresponding

to the nanowires with the largest diameter) was found to be ~285nm.
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Figure 2.8: Structural characterisation of Samples 2A and 2B after nanowire growth. 45° angled SEM
images show structure of individual nanowires (with similar diameters) from (a) Sample 2A and (b)
Sample 2B; (c¢) Plot of nanowire height vs. nanowire diameter for nanowires grown on Sample 2A (red-
circles) and Sample 2B (blue-circles); (d) Surface topography of Sample 2A after growth, measured
using a Dektak surface profilometer. Region highlighted in green (and corresponding regions to the
right) reveals surface profile of exposed GaAs area on substrate. Region highlighted in orange (and

corresponding regions to the right) reveals surface profile across the SiOy growth mask. Scale bars
100nm.

In an attempt to increase average nanowire height, another sample (Sample QBEI) was grown
at the same temperature as Sample 2A, using the same TMGa and AsHjs flow rates, but with
a longer overall GaAs growth time of 13 minutes and 30 seconds. Figure (b) displays an
SEM image of an individual nanowire, located in the equivalent array to that of the nanowire
displayed in Figure a), formed on Sample 2B after growth. As for the previous sample, the

nanowire was observed to have a hexagonal cross-section, and the radial growth was strongly

$Sample 2B corresponds to growth sample reference MR3540.

23



Chapter 2. Growth of III-V Nanowire Arrays on (111) Substrates

suppressed with the diameter of the nanowire and initial nanohole ~14Inm and ~117nm,
respectively. In comparison with the nanowire shown in Figure (a) however, the height
of the nanowire is seen to be significantly smaller (~233nm vs. ~77nm), even though the
total GaAs growth time for this sample was 35% longer. As illustrated by the blue circles
in Figure (c), this held true for all nanowire diameters on Sample 2B. The relationship
between height and initial nanohole diameter also followed the same trend as that observed
previously for Sample 2A. It is noted that, owing to the slow growth rate of nanowires on this
sample (and the observed relationship between nanowire diameter and height), there was no
evidence of nanowire formation from arrays containing patterned nanoholes with a diameter
below ~70nm. Therefore, for Sample 2B, the dataset shown in Figure [2.§|(c) contains three

fewer data points than that for Sample 2A.

For both samples described above, planar growth in the regions of the substrate not cov-
ered by the SiOs mask was observed to be extremely rough. Characterisation of the planar
growth surface topography was achieved using a Dektak surface profilometer, where for a
single measurement, the Dektak tip was moved in a straight line over a region of the sample
surface that included four unpatterned SiOs squares. Figure (d) displays a Dektak surface
profile measurement obtained for Sample 2A in this manner, which highlights both the large
height difference between the regions covered by the SiOy squares (~Onm in this figure) and
surrounding planar GaAs growth, and the significant variation in this planar GaAs growth
height as a function of position. The exact growth rate of the rough epitaxial growth was not
known, but based on a linear growth rate approximation, growth rates of over 1.5nm/s and
0.6nm /s were observed for Samples 2A and 2B, respectively. The high growth rate of the GaAs
growth around the SiO4 squares was thought to relate to the distinct fluctuations in height of
the rough epitaxial growth (as a function of position) observed for both Sample 2A and 2B,
which in turn appeared to be responsible for the unexpected height-diameter dependence of
the nanowires on these samples. The similarly unexpected observation that nanowires formed
on Sample 2B were smaller in comparison to those on Sample 2A, even though GaAs nanowire

growth time was 35% longer, was also thought to be a result of rough planar growth, as both
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the height and morphology of the rough planar growth was seen to differ between the two
samples (with the growth rate of the rough planar growth lower for Sample 2B). Therefore, in
an attempt to improve the reproducibility of subsequent nanowire growth samples and form
nanowires with larger overall height which followed the expected height-diameter dependence
reported previously, finding a way to reduce the surface roughness of the planar epitaxy was

made a priority before any further growth was performed.

2.3.4 Nanowire Growth Mode 2: Smooth Planar Surface Growth

Owing to its observed effectiveness in removing both optically active (BPRS100) and electron-
sensitive (PMMA) resists, wafer cleaning during the pre-growth processing steps described in
Section was undertaken principally using EKC830 photoresist remover. Exposure of the
wafer surface to this photoresist remover was kept purposefully short (no longer than 5 minutes
in total) for each individual cleaning process, as it was discovered during previous nanowire
growth studies by Dr. Andrew Foster at the University of Sheffield, that EKC830 slowly
etches through GaAs [55]. Prolonged use of EKC830 therefore, can result in the roughening
of the substrate surface, for which the formation of a rough epitaxial surface after growth is
thought to be associated. However, it was observed on a number of occasions during pre-
growth fabrication that the wafer surface still contained residual resist after implementing
this short cleaning time, even with pre-heating of the EKC830 before cleaning. Therefore,
in these instances, the wafer was subsequently ashed in an oxygen plasma for a certain time

period (usually 60s) to achieve appropriate sample cleanliness.

Although only very few high energy ions bombard the GaAs surface during the ashing pro-
cedure, it was hypothesised that some roughening of the sample surface may have occurred
due to the multiple occasions this process was utilised during processing (and the duration
for which it was undertaken in each instance) for both Sample 2A and 2B (as both samples
originated from the same wafer, other than the final cleaning steps, they were subject to the

same fabrication procedure). In an effort to reduce the necessity of these post-cleaning ashing

25



Chapter 2. Growth of III-V Nanowire Arrays on (111) Substrates

steps and also simultaneously further decrease the exposure time of the wafer surface to the
EKC830 during each cleaning step, the wafer cleaning procedure during each cleaning step
was altered slightly for subsequent pre-growth sample fabrication. Cleaning of the wafer from
this point on involved first placing the wafer in a beaker containing a small amount of EKC830
(that had been pre-heated on a 100°C hotplate for ~3 minutes) and agitating the liquid by
hand for 30s. The wafer was then immediately transferred to a separate beaker containing a
small amount of fresh EKC830 (which again had been pre-heated for ~3 minutes) and agitated
by hand for a further 3 minutes. Finally, as before, the wafer was rinsed in flowing DI water
for 5 minutes and dried with nitrogen. Following the implementation of this cleaning proce-
dure, no post-cleaning ashing steps were required, as a sufficient level of sample cleanliness
was achieved after each cleaning step using the EKC830. Ashing, therefore was only utilised

for removal of any residual resist in exposed areas after BPRS100 or PMMA resist exposure.

To determine whether the alterations made to the fabrication procedure described above
resulted in a reduction in the roughness of the planar epitaxial GaAs growth, nanowire growth
was performed on a half wafer where these alterations had been implemented, using the same

growth conditions as those employed for Sample 2B.

Figure (a) displays the equivalent SEM image shown in Figure for Sample 2(ﬂ| after
growth, showing that the planar GaAs growth in the regions surrounding the SiO2 squares
for this sample exhibited a much reduced surface roughness in comparison to that seen for
Samples 2A and 2B. This change in morphology was accompanied by a ~10 (~4) fold reduction
in planar growth rate compared to Sample 2A (Sample 2B), and a greatly enhanced nanowire
growth rate. The difference in nanowire growth rate in comparison to that observed for the
previous samples is highlighted in Figure (b), which displays an SEM image of a nanowire
with diameter of ~139nm formed after growth on Sample 2C. The height of this nanowire
was measured to be ~2170nm, which is over ~8 (~28) times the height of individual nanowires
with a similar diameter measured on Sample 2A (Sample 2B). It is posited that the much

lower planar growth rate, which ostensibly resulted from the reduction in surface growth

YSample 2C corresponds to growth sample reference MR3575.
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roughness, led to higher effective adatom flows for nanowire growth on this sample. As for
the two previously grown samples, radial growth of this nanowire was strongly suppressed,
with the diameter of the initial nanohole from which it had nucleated ~116nm. Nanowires
on Sample 2C also exhibited the same hexagonal morphology and smooth sidewalls observed
in the previously grown samples, which is illustrated more clearly by the SEM image in

Figure [2.9(c) of a larger diameter nanowire (~178nm) grown on this sample.
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Figure 2.9: Structural characterisation of Sample 2C after nanowire growth. (a) SEM image of sub-
strate after growth, revealing smooth GaAs planar growth (right) around regions covered by SiOs
growth mask (left). Scale bar 5pm; 45° angled SEM images revealing structure of individual nanowires
with a diameter of (b) ~139nm and (c¢) ~178nm. Scale bars 200nm; (d) Plot of nanowire height vs.
nanowire diameter. Circled data points are discussed in the main text; (e) 45° angled SEM image
showing overview of typical array containing nanowires with diameters of ~140nm. Scale bar 5pm.

Unlike the previous samples, however, in the presence of a much reduced planar growth rate,

nanowire formation on Sample 2C followed the behaviour expected from previous reports in
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the literature, with nanowire heights, on the whole, inversely proportional to the diameter
of the nanohole from which they had nucleated. This is illustrated in Figure (d) The
deviation from this behaviour exhibited by nanowires with diameters below ~90nm (two circled
data points in Figure (d)) was thought to be due to an increased seeding time for these
smaller diameter nanowires, caused by the incomplete removal of SiO2 from the nanohole sites
from which the nanowires had nucleated. As described in Section the brief dipping of
the wafer in 1% HF was performed in an effort to remove any final remnants of the SiO4 that
may have been present in the nanoholes after the RIE etching process, but on this sample it
appears that the exposure time of the substrate to the HF was not sufficiently long enough
to allow for complete removal of the remaining SiO4 in these smaller diameter nanohole sites.
This is perhaps further supported by the observation that nanowire yield and uniformity in
arrays containing nanowires with diameters less than 90nm was poorer than for those that
contained nanowires with larger diameters. Figure (e) shows an SEM image of a typical
nanowire array containing nanowires with a diameter ~140nm on Sample 2C. The nanowire
yield for this array is over 98%, and nanowire heights and diameters are observed to be

extremely uniform across the entire array.

2.3.5 Developing the Catalyst-Free Growth Technique

In addition to the single nanowire structures discussed in the previous sections, nanowire
growth from a number of more intricate nanohole arrangements was also achieved on Sample
2C. These included closely spaced nanohole pairs and triplets. Whilst the pitch between
the pairs or triplets within a particular array was fixed at 4pum, the separation between each
member of the pair or triplet was reduced from ~200nm to ~Onm. An example of the structures

formed after growth from these nanohole pair and triplet sites are displayed in Figure [2.10]

As illustrated in Figures a) and (d), growth of individual nanowire structures in pair
arrangements was observed for edge-to-edge nanowire separations down to ~20nm. It is noted

that on GaAs nanowire samples grown previously, successful growth of individual nanowire
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(c)

(d)

Figure 2.10: Development of the catalyst-free growth technique. Angled SEM images show closely
spaced individual nanowires forming a (a) nanowire pair and (b) nanowire triplet; (¢) An angled SEM
image showing an elongated nanowire with a cross-section aspect ratio of ~2 formed from an elongated
nanohole (nanodash) site; (d) Top down SEM image of the nanowire pair in (a). Scale bars 200nm.

structures in pair arrangements has been demonstrated for even smaller edge-to-edge nanowire

separations of ~10nm. These structures are referred to in Chapter

For nanowires seeding from more closely spaced nanohole clusters, a mix of regular and amor-
phous growth was observed until a critical nanohole separation was reached whereby the re-
sulting structure formed from the cluster of nanohole sites after growth was a single elongated
nanowire, with an elongated dimension similar to that of the combined width of the nanohole
cluster. Although these closely spaced nanohole clusters provide a means by which nanowire
morphology can be successfully manipulated, control over the cross-section dimensions of the

resultant elongated nanowire structures is fundamentally limited by the maximum separation
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between nanoholes in the cluster that will produce a properly formed elongated structure. In
addition to this, on previously grown samples with similar pair and triplet arrangements, it
has been observed that for nanohole separations that were smaller than this ‘critical’ separa-
tion, the incidence of single elongated nanowire formation rather than a mixture of random
growth was significantly higher for structures grown from nanohole pairs than for those grown
from nanohole triplets. Therefore, to enable better control of the cross-section dimensions of
single elongated structures, elongated nanoholes (nanodashes) were also patterned on Sample
2C. The cross-section dimensions of the nanodashes was varied across each array while, again,
the pitch between nanodashes was fixed at 4pm. Figure [2.10|c) displays an SEM image of an
example elongated structure formed after growth from a nanodash site with a cross-section

aspect ratio of ~2 on Sample 2C.

The ability to form individual nanowire clusters with a controllable separation down to ~20nm
presents a promising opportunity for investigation of the coupling between embedded NWQDs
in nanowire structures as a function of their lateral separation, while control of the nanowire
cross-section aspect ratio provided by the closely spaced nanohole clusters and nanodashes
described above, enables tailoring of the polarisation properties of light collected from the
top facet of the nanowire emitted by an embedded NWQD. This structural tailoring of light

polarisation is the subject of Chapter [3]

2.4 InP Nanowire Arrays on (111)A InP Substrates

In the following sections, the process by which selective-area InP nanowire arrays on full
coverage (111)A InP substrates are formed is presented. First, the fabrication procedure used
to prepare the (111)A substrates for nanowire growth is briefly described. This is followed
by an overview of the growth parameters utilised for each nanowire growth in this instance.

Both the structural and optical properties of the grown nanowire samples are then discussed.
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2.4.1 Fabrication of (111)A Substrates in Preparation for

MOCVD Growth

Fabrication prior to InP nanowire growth was undertaken on 2-inch diameter (111)A n-type
InP wafers. This substrate orientation was chosen for nanowire growth with this materials
system as it has been demonstrated previously that the direction of preferential growth for

InP nanowires is along the <111>A crystal direction [37].

Fabrication began with the patterning of alignment markers on the wafer using the pho-
tolithography procedure described in Section However, markers in this case were
formed through metal deposition instead of direct etching into the wafer. Marker forma-
tion in this way was necessitated by the fact that a suitable etchant chemistry could not
be determined for (111)A InP. The distances between the alignment markers and the areas
subsequently patterned for nanowire growth on the wafer was at least Imm (and in general
significantly more), and therefore it was assumed that the decision to use metal markers here

was unlikely to have any influence on nanowire growth.

The process used for metal alignment marker definition is depicted schematically in Fig-
ure[2.11] Following transfer of the alignment marker pattern into the previously spun BPRS100
resist via photolithography, the wafer was developed in 3:1 HoO:PLSI for 60s at RT. The wafer
was then ashed in an oxygen plasma for 15s to remove any resist remaining in the exposed
areas after developing, and loaded into a metal evaporator. During the evaporation process,
~bnm of Ti was evaporated onto the wafer, followed by ~50nm of Au. The initial Ti layer was
deposited on the wafer to improve the adhesion of the Au to the exposed InP surface. The
thickness of each of the deposited metal layers was measured by monitoring the oscillation
frequency of a quartz crystal placed adjacent to the wafer. After unloading the wafer from the
evaporator, warm EKC830 was used to remove both the resist and metal from the regions of
the wafer not previously exposed during photolithography, leaving behind a pattern of metal

markers on the wafer surface.
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Figure 2.11: Schematic diagrams showing fabrication process used to produce alignment markers in
a (111)A oriented InP wafer. (a) A bare InP wafer is (b) spin-coated with BPRS100 resist; (c)
Photolithography is performed to expose the alignment marker pattern into the resist; (d) The resist
is developed and the exposed BPRS100 is removed; The alignment marker pattern is transferred onto
the InP substrate through (e) evaporation of Ti and Au onto the substrate surface and (f) subsequent
removal of the remaining BPRS100 resist. An overview of the alignment marker pattern produced
after steps (b)—(f) is displayed in (g).

PECVD of a 30nm thick layer of SiOg on the InP wafer surface was then performed in the
manner described in Section[2.3.1.2] For previous GaAs nanowire growth, it was observed that
nanowire growth was heavily influenced by the surrounding surface growth on the exposed
wafer surface. With this in mind, it was decided that InP nanowire growth would be under-
taken with the substrate fully covered by the deposited SiOy growth mask, where only a very
little amount of growth away from the patterned arrays of nanoholes would be anticipated,
resulting in nanowire growth that was expected to be more reproducible. The impact that
implementing a full coverage growth mask had on nanowire growth rates is discussed later in
Section A second photolithography step was therefore used simply to pattern markers
into the SiO9 mask, whose role was to help in navigating across a wafer sample during optical
characterisation of nanowires after growth. Transfer of this marker pattern into the SiOs layer
was achieved by placing the wafer into a 1% HF solution for 30s, followed by a rinse in DI

water and drying with nitrogen.
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Arrays of nanoholes were then patterned into the growth mask using a combination of EBL
and RIE etching as described in Section [2.3.1.3] No growth of InP nanowires had been
performed in the MR350 reactor previously, and therefore as part of the optimisation of the
nanowire growth conditions, the nanohole arrays were patterned with a wide range of pitches.
A previous demonstration of InP nanowire growth in the presence of a full coverage SiOy mask
using a similar growth approach showed that nanowires at the edges of an array had a higher
growth rate relative to those closer to the centre, due to a lower competition for adatoms
that diffuse inwards from the surrounding growth mask [75]. To investigate this positional
dependence on nanowire growth rate, larger arrays than those on the previous GaAs substrates
were patterned on the InP substrates. 100nm diameter nanoholes were patterned in arrays
with a side length of 400pm, with pitches of 1, 2, 3 and 4pm. Nanohole arrays with a pitch
of 0.5nm were also patterned, but had a comparatively reduced side length of 200pm. SEM
imaging showed that the typical nanohole diameter after patterning and etching ranged from
~100-130nm. Following measurement of the nanohole diameter, the wafer was cleaved in half
in the direction parallel to the major flat orientation and each half wafer was then individually

cleaned a final time using warm EKCS830 in preparation for nanowire growth.

2.4.2 Growth of InP Nanowires

The growth study of InP nanowires at the University of Sheffield was initiated by Dr. Andrew
Foster. The two main aims of this growth study were to initially grow pure phase, stacking-
fault free nanowires and then once this had been achieved, incorporate a NWQD within
each nanowire through growth of a few nms thick region of InAsP. However, owing to time
constraints, growth of InP/InAsP heterostructures was performed for each nanowire sample
so that both aims could be addressed at the same time. In this section, only discussion of
the results from InP samples collaboratively grown and characterised by the author and Dr.
Andrew Foster are presented. Discussion of NWQDs is left to Chapter [3] and so reference to
the attempted incorporation of a thin InAsP emitter within individual nanowires is included

only to help describe the structural and optical features that are observed as a consequence of
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the inclusion of this embedded region. As for GaAs nanowire growth, all InP nanowire growth

discussed in the following sections was performed under the supervision of Dr. Andrey Krysa.

Initial nanowire growth conditions for this study were based upon a report in the literature,
which described that a transition from polytypic nanowires containing many stacking faults to
pure phase InP nanowires could be induced through an appropriate change of both the growth
temperature and the ratio of the III/V source flows [28]. Simply copying the growth conditions
presented in this report, however, was unlikely to yield the same nanowire growth, given the
variability in the growth environment between different MOCVD reactors. Moreover, the
wafers used for nanowire growth in this instance were entirely covered by the SiO, growth
mask, and so it was assumed that nanowire growth rates would be much higher than those
for the partially covered substrates utilised in Ref [28] (and in the GaAs nanowire growth
presented previously), as a result of the reduced surface area for adatom precipitation. A
range of different growth conditions around those described in Ref [28] were therefore utilised

for nanowire growth here.

Table [2.1] summarises the growth conditions used for three InP nanowire growths performed
during this growth study. Herein they will be referred to as Sample 2D, Sample 2E and
Sample 2F. The source materials supplied by the reactor during InP /InAsP nanowire growth
were trimethlyindium (TMIn), phosphine (PH3) and arsine (AsHj), with Hy implemented as
the carrier gas. Prior to nanowire growth, all samples were first annealed for 9 minutes under
a PH3 overpressure to remove the native oxide from the substrate, along with any organic
contaminants that may have been introduced during the previous processing of the wafer. It
is noted that this annealing time included the time taken to ramp from RT up to the target
annealing temperature. In the following sections, the structural and optical properties of the

nanowires formed on each sample is presented.
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Reference| Sample | Anneal | Anneal Growth

in text |MR No.|time (s)| Temp (°C)|Temp (°C) Source flows (sccm)|Growth time (s)

TMIn|PH3| AsH3 |InP|InAsP| InP

2D 3388 540 670 620 0.125| 60 12 |600] 5 60
2E 3389 540 680 680 0.125| 60 12 |600] 5 60
2F 3428 540 680 680 0.13 | 50 12 |240] 1.5 | 60

Table 2.1: Summary of InP sample growth conditions. The anneal time includes the time taken
to ramp to the annealing temperature from RT. Growth times refer to, from left-to-right, the InP
nanowire base, the InAsP segment and the top InP section of the nanowire.

2.4.3 InP Nanowire Characterisation

Figure displays representative SEM images of the nanowires formed after growth on
Samples 2D and 2E. These samples were grown using the same precursor flows and growth
times but at different growth temperatures (620°C and 680°C, respectively) to investigate
the impact of temperature on nanowire formation. The nanowire growth direction on both
samples was observed to be perpendicular to the plane of the substrate, with the nanowire
structures composed of hexagonal facets. The relative side lengths for a number of imaged
nanowires were seen to be different, however, resulting in a variety of nanowire geometries that
deviated from the regular hexagonal structures observed after growth of GaAs nanowires in
Section[2.3.2] In the most extreme cases, growth on three of the side facets was almost entirely
suppressed, leading to the formation of nanowires with quasi-triangular cross-section. As seen
in Figure M(d), a number of nanowires with 4pm pitch on these samples also developed
numerous additional facets. Although the exact origin of this variation in nanowire geometry
is unknown, it is posited that it may be a consequence of relatively high nanowire growth
rates. Around the edges of each array, where the growth rate was highest [75], structures
with morphology unlike that seen in the rest of the array were observed on both samples. An

example of this anomalous edge growth is displayed in the inset of Figure [2.12{a).

Another prominent feature of the nanowires grown on these samples was the abrupt change in

the morphology of the InP growth after the introduction of AsHj3 to form the InAsP segment
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Sample 2E

Figure 2.12: SEM images of nanowire growth on Samples 2D and 2E. (a,b,c,d) Tilted SEM overview
images of Sample 2D for a nanowire pitch of 0.5um, 1pm, 2pm and 4pm, respectively; (a) (Inset)
Edge of 0.5um pitch array showing anomalous growth. Scale bar 10um; (b) (Inset) Zoomed image of
nanowires in array with 1pm pitch highlighting abrupt change in morphology of InP growth observed
after introduction of AsHj to form the InAsP segment in each nanowire. Scale bar 2pm; (e,f,gh)
Equivalent images for Sample 2E. Scale bars (a,c-g) 2pm (b,h) 10pm.
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within the nanowires. This is illustrated most clearly in the inset of Figure (b), although
it was a feature of all nanowires on both samples. It is observed here that the change in
morphology occurs very close to the top of the nanowire, and this is due to the fact that
the introduction of AsHjg into the reactor for this purpose was intentionally left until just
one minute before the end of the nanowire growth, so as to have the least impact on the
structural morphology of the nanowire as possible, whilst still allowing sufficient time for
adequate capping of the InAsP segment. In addition to increasing the nanowire diameter,
after formation of the InAsP segment, a rotation of the hexagonal nanowire cross-section by
90° was observed for a number of nanowires, changing the sidewall orientation from parallel
to the [100] direction to the [211] direction of the InP (111)A substrate [28]. An increase
in nanowire diameter when InP growth is resumed after formation of a thin InAsP region
has been observed previously for nanowire growth using a similar growth approach, although
with a lower temperature during InAsP formation and slightly higher temperature during
InP nanowire growth [4]. Determining the origin of the increased radial growth and observed
structural transformation for these nanowires after InAsP formation will be the subject of

future work with this materials system.

Due to the increased nanowire growth rate at the edges of each array, it was not possible to
determine the heights of nanowires with a pitch of 0.5pm on either sample, but a noticeable
variation in height was clearly observed across the array for this pitch on Sample 2D. Addition-
ally, tapering close to the nanowire tip was seen for nanowires with this pitch on Sample 2D,
but this also varied from nanowire to nanowire. In terms of nanowire morphology, the 1pm
pitch nanowires showed the best uniformity on Sample 2D, although there were still some
obvious defects. For the pitches of 2—4pm, the number of defects and variation in general
nanowire morphology increased with increasing pitch. On Sample 2E, nanowire height was
relatively uniform for all pitches. However, in comparison to Sample 2D, the defect density

was much higher.

The relationship between nanowire pitch and the axial and radial growth rates of nanowires

was noticeably different for the two samples. The axial growth rate for nanowires on Sample
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2D showed no obvious dependence on the pitch for 1pm to 4pm, with an average nanowire
height of ~2.3pm. Using a linear growth rate approximation, this corresponded to a linear
growth rate of ~3.5nm/s, which is comparable to that reported in the literature for a similar
growth approach [4]. Nanowires on Sample 2E were considerably taller, with an average
height of over ~6pm for a pitch of 2pm (due to edge effects, nanowire heights could not be
determined accurately for a pitches below 2pm on this sample), and the axial growth rate
of nanowires on this sample showed a weak dependence on nanowire pitch, increasing with

decreasing nanowire pitch.

The radial growth rate for nanowires on Sample 2D showed an approximately linear rela-
tionship with nanowire pitch, with the average nanowire diameter ranging from ~225nm for
nanowires with a pitch of 0.51m to ~1600nm for those with a pitch of 4pm. For sample 2E, the
radial growth rates were considerably smaller in comparison to those for Sample 2D, and the
relationship between radial growth rate and pitch showed a more non-linear behaviour, with
a relatively smaller increase in radial growth rate from 0.5pm pitch nanowires to those with a
pitch of 4pm. Average nanowire diameters on Sample 2E ranged from ~150nm (0.5pm pitch)
to ~870nm (4pm pitch). While the more non-linear dependence of the diameter on nanowire
pitch observed for nanowires on Sample 2E is more promising for realisation of nanowires with
diameters small enough that formation of an embedded NWQD is possible at a pitch that
allows for interrogation of individual structures (greater than or equal to ~2pm), the much
faster axial growth rate observed for nanowires on this sample may have an adverse impact

on the ability to form sharp InAsP/InP interfaces within the nanowire structure.

Optical characterisation of nanowires on Samples 2D and 2E was performed using a low
temperature non-resonant p-PL setup. A schematic outline of the setup is displayed in Fig-
ure[2.13] Each sample was installed in an evacuated continuous flow helium cryostat operating
at T~10K, with nanowires excited by a 632.8nm HeNe laser. The laser was focused onto the
sample using a 50X microscope objective lens with an NA of 0.42, giving an excitation spot
size of ~2pm. PL spectra was observed to be similar across both samples for all nanowire

pitches.
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Figure 2.13: Simplified schematic diagram of the non-resonant, low-temperature p-PL setup used for
optical characterisation of nanowire samples. The incident non-resonant laser is directed by a beam
splitter (BS) to an objective lens (50x, NA=0.42) which focuses the light onto the nanowire sample.
The emitted PL from the sample is collected by the same objective lens, transmitted through the
BS and then spectrally resolved using a single grating, 0.5m focal length spectrometer with a liquid
nitrogen cooled charge coupled device (CCD). The spectrometer in this case had two gratings with
600 lines/mm and 1200 lines/mm, respectively, the latter providing a spectral resolution of ~130peV.
Each nanowire sample was mounted on the copper coldfinger of an evacuated continuous flow helium
cryostat (Cryoindustries) in a vertical geometry, to enable excitation of and PL collection from the top
facet of nanowires. During PL measurements, the coldfinger temperature was ~10K, with the pressure
inside the evacuated chamber ~10~%mbar.

Figure (a) displays representative PL spectra obtained from a number of separate locations
across an array containing nanowires with 0.5um pitch on Sample 2D. A broad range of
emission energies were observed in all of the spectra, indicating that the nanowires were
polytypic and consisted of both zinc-blende (ZB) and wurtzite (WZ) InP crystal phases.
Emission occurs over this large spectral range due to the smaller bandgap and large negative
band offset of ZB relative to WZ, which leads to the formation of a type-II heterojunction at
each of the segment interfaces (along the growth direction). The lowest energy PL emission is
governed by recombination of the electron in a bulk ZB region with a hole in the neighbouring

WZ section of the nanowire, whilst the highest energy PL emission corresponds to the direct
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recombination of an electron-hole pair in a WZ segment of the nanowire. Between these two
limits, transitions can take place at any energy, dependent on the axial extent of each of the
ZB/WZ segments in the nanowire. This is illustrated schematically in Figure [2.14c). Based
on low temperature band offsets presented previously in the literature, the lower and upper
energy transition limits for polytypic InP nanowires are ~1.36eV and ~1.49eV, respectively
[76]. If any of the ZB or WZ segments in the nanowire are sufficiently short, axial carrier
confinement can occur. Therefore, for a nanowire with an appropriately small diameter,
recombination of confined states in neighbouring ZB/WZ segments may resemble that of a
quantum dot. Indeed, both single photon emission and cascaded photon emission has recently
been demonstrated from such structural arrangements in InP nanowires, which are commonly

referred to as crystal phase quantum dots [30, [77].

The PL emission at energies lower than ~1.36eV observed in Figure [2.14{a) is thought to
correspond to collected photons originating from the lower bandgap InAsP section embedded
within the nanowires. A clearer example of the PL emission detected at energies below this
minimum energy associated with exciton recombination in polytypic InP nanowires is shown
in Figure (b) No excited states were observed at higher pump powers in this case, so it
is possible that the sharp line emission seen here was due to stacking faults within the InAsP

region.

During SEM imaging of Sample 2E after growth, a number of broken nanowires on the sample
surface that had originated from a nearby 0.5um pitch array were observed. The exact cause
of this localised detachment of nanowires from the substrate was unknown, but it provided
the opportunity to undertake PL measurements on individual nanowires from this array. In
addition, as the nanowire axis of these broken nanowires was oriented parallel to the plane of
the substrate, probing of the nanowire structure as a function of length could be attempted,
albeit with limited resolution owing to the relative size of the excitation spot (~2pm) and
nanowire length in each case. PL spectra obtained at a number of different locations along
the lengths of three separate broken nanowires (labelled NW-2A, NW-2B and NW-2C) on

Sample 2E are displayed in Figure For each nanowire, the excitation spot was manually
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Figure 2.14: InP nanowire PL spectra. (a) Normalised PL spectra collected from different locations
on a 0.5pm pitch array. For clarity, spectra are offset in y; (b) PL spectrum obtained from a 2pm
pitch array; (c¢) Schematic band diagram illustrating carrier recombination in a polytypic nanowire.
Four possible optical transitions are displayed. Dashed lines denote the confined energy states within
the respective crystal phase. WZ — wurtzite, ZB — zinc-blende, CB — conduction band, VB — valence
band.

scanned along its length using a set of piezo transducers attached to the microscope objective,
which provided full motional control in the x, y and z directions over a small scanning area.
The approximate location along the nanowire of the centre of the excitation spot from which

the the associated PL spectrum was captured is indicated in Figure [2.15(d).
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Figure 2.15: PL spectra from individual broken InP nanowires. (a) Normalised PL spectra obtained
from NW-2A as the excitation spot was scanned along its length; (b,c) Equivalent PL spectra for
NW-2B and NW-2C, respectively; (d) Schematic diagram showing the approximate location along the
nanowire length of the excitation spot centre from which the associated PL spectra for each nanowire
in (a,b,c) was obtained.

For each of the three nanowires, emission at energies lower than ~1.36eV was observed to
become considerably more prevalent as the excitation spot was scanned from one end of the
nanowire to the other. This indicated firstly that each nanowire contained an InAsP segment
and that, as expected from the growth procedure and previous structural characterisation
discussed above, it was localised in a region close to the nanowire tip. Similar to the spec-
trum presented in Figure (b), when exciting the nanowires at location (1) (where the

InAsP region was presumed to approximately reside) no evidence of state filling behaviour
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was observed at energies below ~1.36eV. Coupled with the fact that there was such a large
spectral range of emission below ~1.36eV when exciting at this location, it was assumed that
the emission seen here was again due to stacking faults within the InAsP region. Due to
the polarisation dependence of light absorption for nanowires in this horizontal orientation
[78, [79], relative to the PL measurements on as-grown nanowires presented previously, higher
excitation powers were required to observe PL emission from the broken nanowires. At these
higher excitation powers, and with a comparitvely larger fraction of the excitation spot ab-
sorbed by the substrate, the emission from the substrate inhibited the characterisation of the
rest of the internal nanowire structure for all three of the nanowires. Some emission corre-
sponding to InP WZ/ZB transitions was observed however, most noticeably when exciting
NW-2A at location (1) where the InAsP segment was thought to be (roughly) located. Whilst
in-depth structural characterisation of the individual broken nanowires on Sample 2E was
restricted by substrate emission, the description of the nanowire internal structure provided
by the PL measurements on the as-grown vertically oriented nanowires was clear enough that

time consuming TEM measurements were not required in this instance.

The observed structural and optical properties of the nanowires on Samples 2D and 2E demon-
strated that further optimisation of the growth conditions was required in order to achieve
the overall aims of the growth study with this materials system. With this in mind, a new
sample was grown utilising a double dilution PH3 channel, which enabled flow rates between
5scem and 50scem to be measured. The previously employed flow rate of 60sccm, in contrast,
was at the lower limit of what the mass flow controller monitoring the single dilution PHjz
channel could measure. In the report from which the initial growth conditions for this ma-
terials system were based upon, it was demonstrated that, along with an increase in growth
temperature like that between Samples 2D and 2E, the transition from polytypic to pure
single phase nanowires was induced through a reduction in the V/III ratio of the precursors.
Sample 2E therefore was grown with a similar TMIn flow rate to that used in Samples 2D
and 2E, but with a reduced PH3 flow rate of 50sccm. A reduction in the V/III ratio was also

observed to lead to a lowering of both the radial and axial growth rates of nanowires in this
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report. In addition to a change in the V/III ratio, the growth time for the first InP section
of the nanowires was reduced from 9 minutes to 4 minutes on Sample 2F, in an attempt to

reduce the number of defects that were present on Sample 2E.

Figure [2.16] displays representative SEM images of nanowires formed after growth on Sample
2F. While nanowires in the 0.5pm and 1pm pitch arrays showed good height uniformity, the
number of defects in these arrays had increased considerably in comparison to Sample 2E.
Growth was not observed on the SiO2 mask away from the patterned arrays on this sample,
which implies that the defects nucleated within the nanoholes, but for a reason that is unclear,
failed to produce the facets required for nanowire formation. As illustrated in Figure[2.16] the
density of defects was observed to increase with increasing nanowire pitch. For the 0.5pm and
1pm pitch arrays, average nanowire diameters were similar to those on Sample 2E, although a
number of nanowires in the 0.5um pitch arrays were seen to have diameters down to ~110nm.

The average height of nanowires with 1pm pitch on this sample was measured to be ~3.5nm.

Normalised Intensity

25 1.30 1.35 1.40 1.45 1.50
Energy (eV)

-

Figure 2.16: Characterisation of nanowires on Sample 2F. Angled SEM images show overviews of (a)
0.5pum pitch, (b) 1pm pitch and (c¢) 2pm pitch nanowire arrays. Scale bars (a,b) 1pm (¢) 2pm; (d)
Normalised PL spectra obtained from four separate locations across a 0.5nm pitch array. For clarity,
spectra are offset in y.
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2.5. Conclusion

The significant increase in defect formation observed for Sample 2F relative to 2E, indicates
that there may only exist a very narrow range of conditions for which the PH3 flow rate
can be modified in the pursuit of reducing the nanowire radial and axial growth rates and
still obtaining high nanowire yield on a substrate fully covered by the SiOs mask. Growth
temperature and the TMIn flow rate are therefore left as the main controls on the nanowire
growth rate in this case. However, another reason for the limited success of this growth run
may have been that the 60sccm flow rate measured by the mass flow controller for Samples
2D and 2E was not accurate (being that it was at lower limit of what could be measured by
this mass flow controller), and the difference in flow rates between the samples was actually
considerably greater. Unfortunately, due to time constraints, it was not possible to address

this issue here.

PL spectra obtained from nanowires with a 0.5pm pitch on Sample 2F are shown in Fig-
ure [2.16{d). An emission peak corresponding to the direct InP WZ free exciton transition
at ~1.49¢V is clearly seen in each spectrum, but the nanowires are once again recognised as
polytypic, with emission observed over a broad range of energies below this transition energy,
including emission at energies lower than ~1.36eV which may again be attributed to the InAsP

segment embedded in each of the nanowires.

The results obtained from structural and optical characterisation of Sample 2F show that
further optimisation of the growth conditions is evidently required. However, it is possible that
a combination of pure phase nanowires growing with lower growth rates than was observed for
Samples 2D—2F is simply unattainable on full coverage SiO9 wafers. This is further discussed

in Chapter

2.5 Conclusion

The fabrication and growth of vertical GaAs and InP nanowire arrays using a catalyst-free
approach has been described. For GaAs nanowires, two distinct growth modes were observed

depending on the surface roughness of the planar GaAs growth surrounding the regions covered
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by the SiOy growth mask. In contrast to most reports in the literature, when planar growth
was observed to be rough, average nanowire height was observed to increase with increasing
nanowire diameter. The high planar growth rate in this growth mode (>0.6nm/s) also influ-
enced the nanowire growth rate, resulting in a height variation across individual arrays and a
maximum average nanowire height of ~285nm. Through alteration of the fabrication proce-
dure, smooth planar growth with a much reduced growth rate (<0.2nm/s) was accomplished.
Nanowire formation in this growth mode followed the expected height-diameter dependence
behaviour, and height uniformity was dramatically improved in comparison to that observed
when planar GaAs growth was rough. Nanowires were also considerably taller in this growth
mode, a result thought be caused by the decreased planar growth rate. Unlike axial growth,
the influence of the planar growth surface roughness on nanowire radial growth was minimal,

with radial growth observed to be strongly suppressed for all GaAs nanowire samples.

Taking into account the influence of planar growth on the reproducibility of GaAs nanowire
growth, InP nanowire growth was performed on substrates fully covered by the SiOs growth
mask. Control of nanowire growth rate on these full coverage substrates, however, proved
to be much more challenging. Considerable variation in nanowire geometry across individual
arrays was observed and at the edges of arrays, where the growth rate was highest, normal
nanowire growth was typically replaced by unstructured growth. Although nanowire radial
growth rate was observed to decrease with increasing growth temperature, both axial growth
rates and defect density were seen to increase. A first attempt at reducing the axial growth
rate and formation of defects at the highest growth temperature through reduction of the
PHj3 flow during growth did not succeed. PL measurements also revealed that nanowires on
all InP samples were polytypic. Therefore, further growth studies are required in order to

obtain uniform arrays of pure phase nanowires with a much reduced defect density.
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Chapter 3

Tailoring the Emission Properties of
GaAs/InGaAs Nanowire

Heterostructures Using

Cross-Section Morphology Control

3.1 Introduction

Bottom-up growth techniques provide a number of appealing properties which make them of
great interest for the development of nanowire-based light sources. These include the abil-
ity to both incorporate within the nanowire quantum dots (NWQD) exhibiting very narrow
line-widths [5] and lithographically define the nanowire growth sites to enable formation of
position-controlled single photon sources [0, [6I] at the array-scale [7]. The layer-by-layer
nature of bottom-up nanowire growth also naturally leads to the formation of an on-axis
NWQD, ensuring efficient coupling of the NWQD emission to the fundamental guided mode
of the nanowire. In addition, the incorporation of a NWQD within a nanowire enables tailor-

ing of the optical emission properties of the NWQD through appropriate engineering of the
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surrounding structure. Significant progress has been made in this regard, with the collection
efficiency of NWQD emission into a single mode fibre exceeding 90% for deliberately tapered
nanowire structures possessing dimensions optimised for a high photon emission rate into the

fundamental optical mode [80)].

As well as enhancing NWQD brightness and photon extraction efficiency, nanowire parameters
can also be modified to tailor the polarisation properties of NWQD emission. Typically,
nanowires formed through epitaxial growth exhibit a nominally cylindrical symmetry within
the limits determined by the crystalline side facets developed during the growth process. As
a consequence, the fundamental mode of the nanowire is quasi-degenerate and the nanowire
structure supports two orthogonal linearly polarised modes. By altering the aspect ratio of the
nanowire cross-section, the confinement strength of each mode within the nanowire structure
can be controlled, providing potential for funnelling of the NWQD emission exclusively into
a single linearly polarised mode. Coupling of single photons to a single optical mode of well
defined energy and polarisation constitutes a model system for quantum optics experiments
and provides the basis for attainment of advanced quantum information processing networks
[10, [81),82]. Experimental demonstration of nanowires with anisotropic cross-section has been
achieved by top-down etching through a planar wafer [83], but this type of approach cannot
produce the high quality nanowire facets enabled by bottom-up nanowire growth, nor can
it easily allow for radial overgrowth of a shell passivation layer for reduction of the rate of

non-radiative recombination via surface states.

In this chapter, polarisation control of the emission from an embedded on-axis NWQD in
nanowires formed using a (catalyst-free) selective-area growth technique is demonstrated for
the first time. Polarisation control is provided through the ability to determine the cross-
section morphology of the nanowire prior to growth. The EBL patterning scheme and growth
conditions that enable formation of nanowires with anisotropic cross-section are discussed in
Section [3:3] PL measurements reveal that light emitted by an embedded quantum emitter
within these elongated structures is strongly linearly polarised. As a means of describing the

origins of this observation, the modal properties of infinite waveguides with anisotropic cross-
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section are analysed in Section In Section the development of the growth scheme
based on this modal analysis is described and results from PL measurements undertaken
on NWQDs formed in optimised structures with elongated cross-section are presented. Fi-
nally, the broadband nature of the polarisation control exhibited by these elongated nanowire

structures is demonstrated through 3D FDTD simulations in Section

In the next section, a brief overview of NW(QDs is presented, along with a discussion of the
methods by which NWQD emission can be tailored through manipulation of the surrounding

nanowire structure.

3.2 Background

3.2.1 Nanowire Quantum Dots

The unique optical properties of semiconductor quantum dots (QD) make them excellent
building blocks for quantum photonic applications and their use has become widespread in
the development of new light sources for nano-optoelectronic devices over the past few decades.
Semiconductor QDs are most commonly formed via the Stranski-Krastanow (SK) technique
[84], which involves the bottom-up epitaxial growth of a layer of semiconductor material on
the surface of a lattice mismatched substrate composed of a semiconductor material that
has a larger bandgap energy. SK growth enables formation of well-confined QDs exhibiting
high quality optical properties [85], and successful demonstrations of single photon emission
[86], quantum entanglement of emitted photons [87) [88] and measurements of cavity quan-
tum electrodynamics [89] have been achieved with QD structures formed using this approach.
However, although SK growth provides an ideal platform for study of novel phenomena from
individual QDs, the random distribution of both size and location of QDs formed in this man-
ner requires cumbersome post-selection of QDs with a desired location and emission properties
for device integration. This presents an insurmountable barrier to significant scale-up, which

is necessary, for example, to realise solid state implementations of quantum information pro-
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tocols [9]. Consequently, much recent research in this area has centred around alternative QD

growth techniques which allow for control over QD location and size.

One system that holds great promise in this regard involves incorporation of a QD within a
vertical nanowire structure. As described in Chapter [2] deterministic control of nanowire lo-
cation may be enabled through lithographic definition of the nanowire growth location, which
in turn also grants the ability control the location of the incorporated nanowire quantum dot
(NWQD). Although NWQDs have been demonstrated in a number of different configurations
[90, O1] the most prominent consists of an axial heterostructure in the arrangement A/B/A,
where the B section exhibits quantum confinement. NWQDs in this configuration grow epi-
taxially in a layer-by-layer fashion, and so control of the NWQD dimensions is provided in
the lateral direction by the diameter of the nanowire at the time of NWQD formation and
the axial direction by the NWQD growth time. The combination of this layer-by-layer growth
and the small diameter range of the host nanowire structure also means that any lattice mis-
match in heteroepitaxy is relieved much more effectively compared to SK QD growth. This
allows for a much wider choice of material combinations as, unlike for SK QD growth which
always produces a strained QD, lattice mismatch between the nanowire and NWQD materials
is not a pre-requisite [92]. Another advantage of incorporating a QD in a nanowire is that
the columnar structure of the nanowire acts to enhance the efficiency of light extraction from
the NWQD. In contrast, photonic coupling to external optics for QDs embedded in a bulk
matrix (SK growth) is highly inefficient on account of the large disparity between the refrac-
tive index of the matrix material and air/vacuum [90]. It has also been demonstrated that
NWQDs grown in the (111) direction can have a theoretically vanishingly small fine structure
splitting [93], which is an essential requirement for obtaining entangled photon pairs through

the biexciton-exciton cascade.

Irrespective of the specific growth process (MBE, MOCVD, catalysed or non-catalysed, etc.)
formation of a NWQD in an axial heterostructure configuration proceeds in the following
manner: Nanowire growth is started with material A. After a certain time and for a selected

nanowire length, the growth sources are altered and axial growth continues with a different
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lower bandgap material B. When the desired length of the segment of material B is reached, the
growth conditions are switched back to those used for nanowire formation. Growth eventually
stops, leaving a nanowire composed of material A containing an embedded segment composed
of material B. This formation process is depicted schematically in Figure[3.1} In order to realise
a QD within the nanowire, the diameter of the nanowire at the point at which growth of the
embedded segment occurs must be sufficiently small such that carriers are confined radially
with the segment. Axial confinement is achieved by restricting the segment growth time so

that it does not exceed ~1-10nm in height.

(a) (b) (c) I (d) I

Figure 3.1: Schematic overview of the growth process for formation of an axial NWQD. (a) Initially,
a nanowire is grown on a host substrate; (b) different elements are then introduced into the growth
reactor for a short time to form a small region of semiconductor that has a lower bandgap than the
nanowire base — this constitutes the NWQD; (c) following formation of the NWQD, growth continues
with the original nanowire material; (d) if desired, after the targeted nanowire height is reached it may
then be radially capped to passivate surface states.

The majority of axial NWQDs reported in the literature are those formed via the VLS growth
mode, with demonstrations spanning a wide range of semiconductor materials combinations,
including InGaAs/GaAs [94], GaAsP/GaP [95], GaN/AIN [96] and InAsP/InP where the
most promising results with regards to exciton coherence times have been achieved to date
[5,197, 98]. Typically, however, properties of only a few NWQDs are described in these reports,

and there is no reference to the overall uniformity of the sample. In addition, nanowires
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are either randomly distributed on the sample or grown in very close proximity (a notable
exception of this situation are the NWQD samples characterised by the Delft group [5, 97, 98]).
With respect to both scale-up and isolation of single QDs for device applications, this presents
challenges similar to those experienced for QDs formed by SK growth. In contrast, as nanowire
growth locations are lithographically defined prior to the growth process, catalyst-free NWQD
growth is an inherently position-controlled growth approach. Catalyst-free growth also offers
the potential for higher quality axial interfaces and thus better confinement of carriers within
the NWQD as it does not suffer from the catalyst 'reservoir effect’ typically observed in VLS
growth [41, [42]. In addition, using a catalyst-free growth approach for NWQD formation
prevents the possibility of catalyst contamination of the nanowire, which may have a negative

impact on the optoelectronic properties of both the nanowire and NWQD [39] 40].

Although, in comparison to VLS growth, progress in catalyst-free NWQD growth has been
markedly slower, NWQDs exhibiting narrow emission linewidths in the InP/InAsP [4] and
InGaAs/GaAs [0, 45] materials systems have been demonstrated. Furthermore, evidence of
photon antibunching from individual InGaAs NWQDs embedded in homogeneous arrays of
GaAs nanowires has been observed [7], providing a promising route for growth of uniform,
readily scalable single photon sources. A similar growth approach to that described in Ref [7]

is utilised for formation of the axial heterostructures presented in the following sections.

3.2.2 Tailoring of NWQD emission

In addition to providing deterministic control over the shape and location of QDs, the axial
heterostructure configuration described in the previous section also enables tailoring of the
optical properties of an embedded NWQD through modification of the surrounding nanowire

structure.

In the most simple case, a dramatic transformation in the brightness and emission direction-
ality of an on-axis NWQD can be achieved by varying the diameter of the nanowire host.

Such a transformation occurs as a result of the change in the fraction of NWQD emission that
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is coupled to the fundamental waveguide mode of the nanowire when the nanowire diameter
is varied [99H101]. Calculations show that when the ratio between the nanowire diameter
and NWQD emission wavelength is equal to 0.22; the coupling of the NWQD emission to
the fundamental waveguide mode is at its highest and the brightness and directionality of
the QD is maximised. For a particular nanowire diameter, the fraction of NWQD emission
coupled to the fundamental mode also remains high (>90%) over a broadband wavelength
range. This configuration therefore offers an advantage over placing a QD in a nanocavity,
where enhancement of the QD emission rate can only typically be sustained over a very small

wavelength range.

Although appropriate tailoring of the nanowire diameter can enhance the NWQD brightness
and emission directionality, photons strongly confined in this sub-wavelength sized waveguide
will scatter at large angles when leaving the nanowire end facet, severely limiting the collection
efficiency of the emitted light [99]. For realisation of a truly deterministic single-photon
source, a near-unity light collection efficiency is a fundamental requirement [98]. A significant
increase in collection efficiency can be achieved by smoothly reducing the nanowire diameter
from the NWQD location to the top facet the nanowire diameter [102]. In these needle-
like structures, adiabatic conversion of the fundamental mode into a strongly deconfined
mode occurs, resulting in the production of a comparatively narrower and more Gaussian
far-field emission pattern [I0I]. The smoother the tapering of the structure is, the greater
the enhancement of the collection efficiency, and structures with tapering angles down to
~1° have been experimentally realised, resulting in a reported single-mode fibre collection

efficiency above 90% [80].

Nanowire morphology can also be engineered to manipulate the polarisation of NWQD emis-
sion. Owing to the cross-section symmetry of the structure, the fundamental optical mode of
a waveguide with a cylindrical cross-section consists of two degenerate guided modes with or-
thogonal linear polarisation. By implementing a nanowire with anisotropic cross-section, the
relative coupling strength of the NWQD emission to each of the two orthogonal modes can be

controlled. Experimental demonstration of nanowires with anisotropic cross-section, formed
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by top-down etching through a semiconductor mesa structure, has been previously reported
and showed that only a relatively small increase in lateral aspect ratio is required for emission
from an embedded QD to be strongly linearly polarised when collected from the nanowire
top-facet [83]. Such a system would be particularly advantageous for a number of quantum
information processing applications requiring linearly polarised photons for their operation,
such as entanglement based protocols for quantum key distribution [103] [104], reducing the
inevitable losses introduced by using linear polarisation optics. As described in the previous
section, however, the random location of the self-assembled QDs in this type of approach ne-
cessitates considerable time searching for a nanowire-QD combination with suitable structural
and optical properties, and is thus incompatible with scale-up. The inability to control QD
location also results in a suppression of the QD emission rate, which is maximised when the
emitter is centred on the nanowire axis [98]. In addition, the surface damage resulting from
the etching process can reduce the optical quality of the embedded QD by creating a defective
interface which acts as a trap for fluctuating charges [105]. Subsequent surface passivation is

also difficult to achieve for these etched structures.

In the following sections, a technique for bottom-up growth of GaAs nanowires with anisotropic
cross-section is presented. Appropriate tailoring of the nanowire cross-section dimensions is
shown to result in the observation of strongly linearly polarised emission from an InGaAs
axial segment grown within these elongated structures. This work represents the first demon-
stration of emission polarisation control in this manner using a catalyst-free growth approach
and presents a promising route for the formation of uniform arrays of linearly polarised single
photon sources. It should be noted that some of the results presented in the following sections

have been published elsewhere [106].
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3.3 Linearly Polarised Emission from Elongated

GaAs/InGaAs Nanowire Heterostructures

3.3.1 Sample Fabrication and Growth

Catalyst-free bottom-up growth of GaAs/InGaAs nanowire heterostructures has been exten-
sively studied at the University of Sheffield, resulting in the experimental demonstration of
position-controlled NWQDs which show evidence of single photon emission [7]. Of interest
therefore, was investigating methods by which this bottom-up growth technique could be de-
veloped further. An initial attempt at developing this growth approach (outlined in Chapter
2|) involved the fabrication of pairs of nanoholes with varying separation to determine the
minimum separation between pairs that could be implemented and still achieve successful
individual nanowire growth. For nanowires in appropriately close proximity, there is the
potential for optical interaction between single NWQDs in each individual structure. It is
noted that growth of multiple spatially separate NWQDs along the axial direction of a single

nanowire structure has been previously demonstrated using the same growth approach [7].

A schematic overview of the nanohole pair arrangement adopted for nanowire growth on
Sample 3is displayed in Figure (a). As was the case for single nanowire growth presented
in Chapter [2] the separation between each nanohole pair was set at 4pm, whilst the separation,
x, between individual nanoholes forming the pair was varied from Onm upto 200nm. As a
result of the small separation between them, enlargement of individual nanoholes caused by
EBL patterning proximity effects was observed after fabrication. This enlargement was of
particular importance for patterned pair separations of zero, as it caused the resultant holes
to be overlapped. For a patterned nanohole diameter of ~100nm, a final nanohole diameter

of ~130nm was typically observed.

*Sample 3A corresponds to growth sample reference MR3352 grown by Dr. Andrew Foster [55].
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Nanowire growth on Sample 3A followed the same bottom-up growth process utilising low
pressure MOCVD as described previously in Chapter The substrate was first annealed
for 9 minutes under an AsHjs overpressure at 780°C. In preparation for growth, the temper-
ature was then lowered to 750°C, with the AsHs overpressure maintained. Nanowire growth
commenced with the simultaneous closure of the AsHj3 overpressure supply channel, and in-
troduction into the reactor of TMGa with a flow rate of 33sccm and AsHg with a flow rate of
15sccm maintained by a double dilution channel. After 3 minutes of GaAs growth, TMIn was
then introduced into the reactor for ~3s in an attempt to form an InGaAs NWQD within indi-
vidual nanowire structures. Unlike TMGa (and AsHgz), TMIn is a solid source, and therefore
the concentration of indium within a certain (Hg) carrier gas flow can fluctuate over time.
This meant that, between growth runs, the the carrier gas flow through the TMIn source
bubbler had to be varied in order to achieve the measured concentration of TMIn that was
desired for NWQD formation. For this growth run, the measured TMIn concentration was
approximately 0.02% in a total Hy flow of 200sccm. Based on the results from previously
characterised InGaAs quantum wells grown in the MR350 reactor used for nanowire growth,
this concentration was estimated to produce an InGaAs NWQD with a ~20% indium fraction.
Nanowire growth was then completed by switching off the TMIn source and continuing GaAs
growth, using the same TMGa and AsHjs flow rates as those used previously, for a further 7
minutes. At the end of the nanowire growth, with the TMGa channel closed, the AsHs flow
rate was switched back to that used during the pre-growth annealing step (40sccm) and, in
an effort to to provide a degree of surface passivation of the nanowire sidewalls, a PHg flow
of 300sccm was simultaneously introduced into the reactor as the sample cooled down. Using
these growth conditions, a sequence of growth modes correlating to the separation between a

nanohole pair were observed.

When the nanohole pair separation was sufficiently large, individual nanowires were suc-
cessfully realised with measured edge-to-edge separations down to ~10nm. An example of
a nanowire pair formed in this configuration after growth is shown in Figure 3.2(b). The

nanowires in this instance had a height of ~2pm and a diameter of ~190nm, corresponding
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to radial growth of ~30nm. It was found that, for the same fabricated nanohole size, the
diameter and height of an individual nanowire forming a pair was not the same as that for an
isolated single nanowire grown on the same sample. This is thought to be a result of the close
proximity of the individual nanowires in a pair, which alters the growth dynamics around the
pair site [65].

As nanohole separation was decreased, the resulting nanowire growth initially became ran-
dom, switching between formation of non-uniform pairs and single amorphous structures as
displayed in Figure c¢). Further reduction of the nanohole separation beyond a critical

point, however, led to complete suppression of pair growth and instead single structures with

an elongated cross-section were formed. An example of one of these elongated structures is

shown in Figure [3.2/(d).

>

Decreasing nanohole separation, x

Figure 3.2: Nanowire growth from closely spaced nanohole pairs. (a) Schematic diagram of nanohole
pair arrangement adopted for nanowire growth on Sample 3A. The edge-to-edge separation between
individual nanoholes constituting a pair, x is varied from Onm upto 200nm, with the separation between
each pair fixed at 4pm; SEM images show, as a function of decreasing x, (b) a nanowire pair with
edge-to-edge separation of ~10nm, (¢) random growth, with formation of non-uniform pairs and single
amorphous structures, (d) a single structure with elongated cross-section. The lower panels in (b)
and (d) display the nanohole pair layout from which the resulting structures above were formed. (b,d)
Upper scale bars 200nm, lower scale bars 100nm. (c) Scale bar 5pm. Image reproduced with permission

from [55].
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Comparison of fabricated nanohole separation and resulting nanowire structure after growth
revealed that an elongated nanowire was only formed if either the edges of the nanoholes were
touching or they were overlapped. In the first case, the initial pyramidal islands which form
separately within the nanoholes are thought to coalesce immediately upon the development
of the vertical nanowire facets, which leads to a single elongated nanowire rather than the
unstructured growth observed in Figure c¢). As well as those oriented in the [211] direction
(90° relative to the major-flat orientation), nanohole pairs were also fabricated in the [011] (0°
relative to the major-flat orientation) direction on this sample. For the elongated structures
formed along the [211] direction, the dimension in the direction perpendicular to this orienta-
tion (and the nanowire axis) was defined by the nanohole diameter (and radial growth), and

was measured to be ~180nm.

In the direction of elongation, the length was a function of the extent to which the nanoholes
were overlapped and was found to have a maximum value of ~300nm (nanohole edges just
touching). The volume of material deposited for the single elongated structures formed along
this direction was therefore approximately the same as that for a pair of nanowires in close
proximity. For structures formed along the [011] direction, the development of {110} facets
during growth leads to elongated structures with a different cross-section profile when com-
pared to those in the [211] direction and more importantly a much reduced cross-section
aspect ratio. Figure displays top-down SEM images of elongated nanowires formed along
the [211] and [011] direction (from a nanohole pair), respectively, alongside a schematic outline
of the posited arrangement of the individual nanowires that constitute the single elongated
structure in each instance. It is important to note here that as nanowire formation proceeds
via layer-by-layer assembly of material during growth, the InGaAs axial structure in an elon-
gated nanowire is likely itself to have a cross-section which is anisotropic, with the level of

anisotropy dependent on the dimensions of the surrounding nanowire.
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[017]

Figure 3.3: Top-down SEM images of nanowires with elongated cross-section formed from orthogonally
oriented nanohole pairs with za0nm (i.e. edges just touching). The coloured outlines in the right hand
panels depict the posited arrangement of the individual nanowires that constitute the single elongated
structure in each of the left hand panels. It is observed that as well as possessing a different cross-
section profile, the nanowire elongated along the [011] direction (bottom-panels) also has a much
reduced cross-section aspect ratio when compared to the structure formed along the [211] direction
(top-panels). SEM images taken with permission from [55].

3.3.2 PL Measurements

To characterise the influence of nanowire morphology on the emission properties of the em-
bedded InGaAs region, polarisation-dependent PL. measurements were undertaken on two
orthogonally oriented elongated nanowires with the same dimensions as those labelled in
Figure [3.3] and a nanowire with normal hexagonal cross-section from the same sample. Mea-
surements were obtained using the p-PL setup shown in Figure [2.13] with the addition of a
linear polariser with high extinction ratio (>10%) and a half-wave plate into the collection
path. The half-wave plate was included to take into account the polarisation sensitivity of the
spectrometer and ensure all light passing through the polariser (at a particular polarisation

angle) was collected by the CCD.
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The non-polarised, low power PL emission obtained from the embedded InGaAs region in
each of the elongated nanowires is displayed in the left hand panels of Figure (a) and
Figure (b) Overall, the fraction of elongated nanowires that were observed to contain an
optically active emitter on this sample was less than 50%, indicating that further optimisation
of the growth procedure for these structures was needed. For each orientation, the ground
state PL emission peaks at low excitation powers are relatively broad with a FWHM on the
order of several meV. This was thought to be a result of a reduction in carrier confinement

caused by the radial extension of the InGaAs region in these elongated structures.

For each of the three nanowire morphologies, polarisation-resolved PL spectra were taken
in 15° angular steps, using a ~5s accumulation time. The instability of the optical setup
meant that, at each angular step, it was necessary to realign the excitation laser spot onto the
nanowire through observation of a maximised signal on the CCD. Realignment of the laser
on each nanowire was only possible however, by increasing the excitation power (to obtain
an adequate count rate in ~1s), which resulted in additional broadening of each ground state
emission line as illustrated in the right hand panels of Figure [3.4(a) and Figure [3.4(b). The
acquired spectra at each angular step were then integrated (with the background count rate
subtracted) over the wavelength range encompassing the observed PL emission peak from the

InGaAs structure in each nanowire.

Figure displays a plot of the normalised polarisation-dependent (integrated) PL intensity
for each of the three nanowire morphologies. The scatter in data points was caused by the in-
stability of the optical system used for PL measurements as described above. From this figure,
it is clearly observed that the emission behaviour from the InGaAs region in the nanowires
with elongated cross-section is notably different from that of a normal hexagonal nanowire.
Light emitted from a nanowire with elongated cross-section is observed to be strongly linearly
polarised, with the orientation of polarisation coincident with the axis of elongation. Similar
emission behaviour has been reported previously in the case of SK grown QDs embedded in
etched nanopillars with anisotropic cross-section [83]. For a normal hexagonal nanowire, the

emission shows instead only weak linear polarisation.
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Figure 3.4: Non-polarised PL emission from an embedded InGaAs region within an elongated nanowire
structure. (a) PL spectrum obtained from a elongated nanowire formed in the [211] direction at (left-
panel) low excitation power (~2nW) and (right-panel) higher excitation power (~230nW) corresponding
to that used for polarisation-dependent measurements; (b) Same as (a) but for an elongated nanowire
formed in the [011] direction. Excitation powers used for this nanowire were (left-panel) ~InW and

(right-panel) ~80nW, respectively. Images taken with permission from [55].

PL collection
90°

InGaAs

Figure 3.5: Normalised, polarisation-resolved PL measurements for three different nanowire morpholo-
gies. Integrated PL intensity for a normal hexagon (green triangles) and elongated nanowires oriented
in the [211] direction (blue circles) and [011] direction (red circles) is displayed as a function of polariser
collection angle. Solid lines depict cosine curve fits to the data. Emission is collected from the top
facet of each nanowire, as illustrated in the annotated SEM image on the left of the figure. Scale bars
200nm. SEM images taken with permission from [55].
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The degree of polarisation (DOP) for the three nanowire morphologies is quantified using
the ratio DOP = (Imax — Imin)/({max + Imin), Where Iy and I,y are the minimum and
maximum integrated PL intensities, respectively. For the elongated nanowire oriented along
the [211] direction, this value was calculated to be ~61%, while for the nanowire oriented
along the [011] direction it was ~72%. The DOP value calculated for a normal nanowire was
observed to vary slightly from nanowire to nanowire, with an average value of ~10%. This
agrees with previous observations made for hexagonal nanowires containing InAsP NWQDs

[107].

In order to explain the results obtained above, and determine the dependence of nanowire
cross-section anisotropy on the extent to which emission from the embedded InGaAs region
is linearly polarised, analysis of the modal properties of these structures was performed. The

results of this analysis are presented in the following section.

3.4 Modal Properties of Infinite Waveguides with

Hexagonal Cross-Section

The angular frequency, w and wavevector, k of an electromagnetic mode are related by w =
clk| = c\/kZ + k% + k2, where k;, k, and k. are orthogonal components of |k| and c is the
speed of light. In free-space, electromagnetic modes correspond to plane waves; for a certain
value of k., k; and k, can take any value, meaning w is always greater than or equal to the
light line w = ck,. This continuous spectrum of electromagnetic modes forms the light cone,

a region which defines solutions of Snell’s law [108].

Introduction of a planar structure with refractive index, ns leads to the generation of a new set
of electromagnetic modes that exist below the light line. As ng > Nfree-space; these modes have
lower frequencies relative to the corresponding modes in free-space and are localised within
the region of the structure. Defining k|| and k, as the wavevectors parallel and perpendicular

to the interface between the planar structure and free-space, the only modes in free-space
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below the light line w = ck| are those with imaginary &, which correspond to fields that
decay exponentially away from the structure. This localisation of the fields in the direction
perpendicular to the interface leads to the formation of a set of discrete ‘index-guided’ modal

frequencies below the light line, wy, (k).

Consider first as a simple nanowire approximation, an infinite cylindrical GaAs (ngaas=3.45)
waveguide with circular cross-section surrounded by an air (n=1) cladding. The series of
lowest-order index-guided modes for this system, calculated using the MIT photonic bands
(MPB) software package [109], are displayed in Figure [.6[a). For quantum information
applications, coupling of the emission from a quantum emitter into a single electromagnetic
mode is desired [IT0HIT3], but here the fundamental guided mode (diameter to wavelength
ratio, a/\ < 0.233) is two-fold degenerate as a result of the symmetry of the structure. This
symmetry can be broken through elongation of the structure along one of its cross-section axes,
which lifts the fundamental mode degeneracy and creates two orthogonally linearly polarised
modes oriented along the major and minor axes, M, and M,. For a particular wavelength,
changing the aspect ratio of the elongated structure by only a moderate amount (~2:1) leads
to a large optical anisotropy; the majority of M, is expelled into the air cladding whilst M,
remains tightly confined inside the structure. The dispersion relation and modal electric field
profiles for this situation are depicted in Figure [3.6(b) and Figure [3.6(c). A dipole emitter
within this structure will therefore preferentially couple to this single mode, with the coupling
efficiency being maximised when the emitter is on-axis, where the strength of the electric field

of M,, E, is greatest.

The experimental realisation of linearly polarised quantum light sources that exploit the
optical anisotropy described above, has been reported for the case of etched nanowires [83].
In this top-down approach, there is potential for bright, high quality single photon emission
from the top of the nanowire structure as QDs can be grown using well-established techniques
(e.g. SK growth by MBE) and their axial location within the structure can easily be defined,
allowing integration of a distributed Brag<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>