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Abstract

Abstract

Group III-nitride nanorods have attracted substantial research focus thanks to their
direct bandgap, full solar spectrum coverage, and wide optoelectronic applications.
GaN nanorod growth has been achieved by several growth methods, and among
them, self-assembled nanorod growth by metalorganic chemical vapour deposition
(MOCVD) is an optimal and time-saving method due to its catalyst-free and
minimal substrate preparation requirements. This approach has been applied in
devices that do not demand precise positionings, such as single nanorod light-
emitting diodes (LEDSs) and flexible nanorod array LEDs.

This dissertation presents a detailed growth study of GaN self-assembled
nanorods on sapphire (0001) substrates by MOCVD. Both the pre-growth and
growth parameters have been systemically studied. Due to their wurtzite crystal
structure, how to control their polarity has been a critical issue in the nanomaterial
growth and nano-device fabrication. In this thesis, we show and discuss how the
polarity and optical properties are affected by nitridation, one of the pre-growth
conditions. With appropriate nitridation, the nanorods can be grown with uniform
hexagonal morphology and N-polar, resulting in homogenous luminescence with a
strong near-band edge emission. This thesis also studies the effect of growth
parameters such as silane co-injection, growth temperature, and growth time on the

morphology and density of the nanorods.

Rosette-shaped cathodoluminescence (CL) patterns are found in GaN
nanodisks and nanorods. This unique pattern forms at a very early stage of nanorod
growth and consists of yellow luminescence (YL) and non-luminous regions. To
explore its origin, CL, electron microscopy, and nanoscale secondary ion mass
spectrometry studies are conducted. These studies found optical resonance modes
and polarity inversion do not contribute to this phenomenon. Higher concentration
of carbon and nitrogen clusters are found at the pattern area, which indicates pattern

could be related to facet preferential distribution of defects related to excess
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carbon/nitrogen. This study adds the knowledge of defect-related emission in GaN

nanorod, which is essential for future optoelectronic applications.

Finally, this dissertation presents the growth of InxGai-xN/GaN multi-quantum
well (MQW) core-shell structures and the formation of InxGai-xN quantum dots
(QDs). Through high-resolution CL and transmission electron microscopy (TEM)
studies, the strong QW emission is found only at the tip area and indium
segregation is observed at the nanorod sidewall MQW area. The InxGaixN MQW
emission shows high sensitivity to minor changes in trimethylindium source flow
and quantum barrier growth temperature. The MQW emission shifts to longer
wavelengths due to increasing indium source supply and decreasing quantum
barrier growth temperature as a result of higher indium incorporation. This study
extends our knowledge of growth & optical properties of InxGaixN/GaN MQW
and QDs, which also demonstrates their potential of application in LEDs in the

future.
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Chapter 1

Introduction

1.1 Significance of GaN nanorods

GaN is a binary I11/V semiconductor with a wide and direct bandgap of 3.4 eV. It can
form ternary alloys with AIN (6.01 eV) and InN (0.65 eV) such that its bandgap can be
tuned from deep UV to near-infrared, thereby offering full coverage of the solar
spectrum. The tuneable bandgap makes it a popular candidate for the application of
optoelectronics including lasers [1], solar cells [2-4], light-emitting diodes (LED) [5-
7], and photo-detectors [8-10].

However, there are still several challenges in the epitaxial growth of GaN such as a
high dislocation density in heteroepitaxy and the immature technology of GaN native
substrates. Reducing the dislocation density is one of the key challenges. For GaN
planar growth, dislocation density [11] can be as high as 103-10° cm™ due to thermal
expansion and lattice mismatch with the foreign substrates they are normally grown on,
such as sapphire, silicon and silicon carbide. Such high dislocation density lowers the
efficiency in device applications such as by forming non-radiative recombination
centres that quench the light emission [12]. GaN based planar device are usually grown
on the c-plane of wurtzite phase substrates in the polar [0001] direction. Such structures
result in a strong spontaneous and strain-induced polarization that leads to an internal
built-in electric field. Due to this electric field, the potential band tilts in quantum well
(QW) structures, resulting in spatial separation between the electrons and holes that
lowers the radiative combination efficiency in the QWs. This phenomenon is known as
the quantum-confined Stark effect (QCSE), which could be minimized by growing on
the non-polar and semi-polar planes. However, reports [13-16] have shown that
dislocation density might be even higher when growing GaN and related structures on
non-polar and semi-polar directions. Growing directly on native GaN substrates or thick

GaN templates may alleviate this issue but the cost of these substrates and templates is
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still prohibitive [17-19].
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Figure 1.1 Bandgap as a function of lattice constant for IlI-nitrides and a few commonly used

substrates for growth.

The growth of the nanorods or nanowires provides a new prospect to tackle these
challenges.

(1) Benefiting from a small footprint, GaN nanorods are less strained in hetero-
epitaxial growth and threading dislocation density can be largely reduced [20] by
changing the growth conditions through spatial filtering and dislocation bending.

(i1) Due to their inherent 1D geometry, the larger surface area on the sidewalls
decreases current overcrowding due to carrier injection that helps to relieve the
efficiency droop phenomenon [21] in [II-nitride LEDs.

(ii1) The sidewalls of the nanowires have nonpolar and/or semi-polar planes which
can negate the spontaneous and piezoelectric polarization effect. Therefore, InGaN QW
structures grown on the sidewalls of GaN nanorods are free from QCSE [22]. Thicker
quantum wells could also be grown on the sidewalls that helps to relieve current leakage
issues in LEDs and laser diodes, thereby increasing their radiative recombination

efficiency.

1.2 Techniques for the synthesis of GaN nanorods

There are two basic approaches in the synthesis of GaN nanorods: top-down and
2
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bottom-up. In the top-down method [23-25], the nanostructures are formed by shaping
the bulk layer by lithography or electrophoresis through a mask, followed by etching.
This method provides precise positioning of the arrays and the size of the nanorods are
controlled through the etching process. However, because its crystal quality and epitaxy
design are restricted to the bulk layer, many advantages of nanostructures such as elastic
strain relaxation, spatial filter effects, and material saving are lost in this approach.
Extra fabrication processes are required and surface defects [26, 27] could be
introduced during the etching process, which in turn may affect the electrical and
optical properties of nanorods.

The bottom-up approach involves directly synthesizing the nanostructures by
combining the constituent atoms. The nanorods with desired morphology, electrical,
and optical properties could be achieved by controlling the growth parameters. To date,
GaN nanorods have been grown by a number of techniques: sputter deposition [28, 29],
chemical vapour deposition (CVD) [30, 31], molecular beam epitaxy (MBE) [32-36]
halide vapor phase epitaxy(HVPE) [37-39], and metalorganic chemical vapour
deposition (MOCVD) [40-42]. In this thesis, we focused on the growth of nanorods
using MOCVD, which is a dominant method in the industry for growing GaN and
related materials. In the bottom-up approach, it can be further categorized into catalyst-
assisted and catalyst-free depending on whether a catalyst is used during the growth
process.

The catalyst growth includes vapour-liquid-solid (VLS) and vapour-solid-solid
(VSS) depending on the catalyst is a liquid or solid. Metal catalysts such as Au [40, 43]
and Ni [44] have been used to control the nanorod morphology and optical properties.
Catalyst-free approach includes the selective-area growth (SAE) and self-assembled
growth. With the help of a regular patterned mask, the SAE approach is able to achieve
precise positioning of each nanorod, which is suitable for nanorod array devices
application [45, 46]. Self-assembled growth is a mask-free and foreign catalyst-free
approach that is suitable for applications without positioning requirements [47]. In self-
assembled growth using MOCVD, wafer-scale growth has been achieved on sapphire

substrate with silane injection to promote the vertical growth rate [48-50].
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1.3 Challenges in GaN nanorod growth and thesis

motivation

As discussed in section 1.2, different nanorod synthesis processes have different
advantages and limitations. For the most widely used catalyst-assisted VLS growth, it
has less requirements in substrate preparation and is easy to achieve large-area growth.
The nanorod diameter is determined predominantly by the size of the metal catalyst and
the presence of metal particles may deteriorate the performance of the devices. Another
approach is SAE growth using a dielectric mask to grow in the openings of the mask
and can achieve uniform nanorod arrays with uniform diameter and length. However,
the mask patterning process often involves the use of techniques such as nano-imprint
or electron beam lithography, which are complex, expensive, and time-consuming.
Therefore, it is attractive to investigate mask-free and catalyst-free growth approach
such as the self-assembled growth described above. Although there have been several
reports in the literature on using this technique to grow GaN nanorods [48-53] and the
associated devices [47, 54], some challenges still exist. In particular, controlling the
polarity and obtaining a deeper understanding of the growth mechanism and how they

affect the optical properties of the nanorods require further investigations.
1. Polarity control.

GaN nanorods with mixed-polarity rods have been found in both SAE and self-
assembled growth [49, 50, 55]. Mixed polarity may lead to current leakage in devices
[56], which in turn reduces the device efficiency. Therefore, unipolar GaN nanorods are

highly desirable to obtain high efficiency nano-devices.
2. Origin of defect-related optical processes

Defect-related optical processes such as YL and non-radiative recombination would
reduce the efficiency of the optoelectronic devices and they have long been observed
in GaN planar layers [57-59] and nanorods [49, 60]. However, the chemical origin of
YL is still under debate [58]. GaN nanorods offer a unique perspective to study the YL
and non-radiative recombination. The effects of threading dislocations and grain
boundaries are minimized in nanorods [61, 62] and their inherent rod-like geometry

offers the opportunity to investigate polar and non-polar planes simultaneously.
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1.4 Thesis Synopsis

This dissertation presents a detailed study into the growth and characterization of self-
assembled GaN nanorods and InGaN/GaN multi-quantum well core-shell nanorods.
The thesis is divided into six chapters.

Chapter 1: The present chapter discusses the advantages of GaN nanorods over their
planar counterparts. The various techniques to synthesise these nanorods including
catalyst-assisted, selective-area, and self-assembled growth and their advantages and
limitations are briefly discussed.

Chapter 2: The second chapter first introduces the general knowledge of IlI-nitride
material. We provide the background information of the crystalline structure, polarity
orientations, point defects formation, and bottom-up growth approaches of GaN
nanorods. The optical properties and the application of GaN nanorod-based LEDs are
also discussed. Then growth and characterization techniques used in this dissertation
are discussed.

Chapter 3: This chapter discusses the optimisation of pre-growth and growth
conditions of GaN nanorods, and the underlaying growth mechanism. We first studied
the effect of pre-growth nitridation on the nucleation, polarity and optical properties of
the GaN nanorods. High resolution cathodoluminescence (CL) and aberration corrected
transmission electron microscopy (Cs-corrected STEM) were used to obtain a deeper
insight into the relationship between the crystal structure of the nanorods and their
polarity and optical properties. It is found that high quality GaN nanorods with good
optical properties and uniform polarity can be achieved using an optimised nitridation
process. Other growth parameters are also studied in this chapter, including growth
temperature, silane co-injection, and growth time.

Chapter 4: In this chapter, we investigated a six-fold rosette-shaped
cathodoluminescence in the GaN nanorods. We wused high-resolution
cathodoluminescence, electron microscopy and nano secondary ion mass spectrometry
to investigate the origins of this pattern. We found the optical resonance modes or
polarity inversion domains are not responsible for the phenomenon. Through chemical
composition and geometrical phase analysis (strain analysis), we found that a higher
concentration of nitrogen and carbon clusters are associated with the pattern.

Chapter 5: This chapter discusses the growth, structural and optical properties of

InxGaixN/GaN core-shell MQW nanorods. We found that the QWs at the top of the
5
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nanorods emit strong luminescence, while quantum dot (QD)-like structures are formed
on the sidewalls of the nanorods with weaker emission. From the CL mapping, we
found these QD-like emissions originate from indium phase segregation in the QWs.
The effect of indium precursor flow rate and growth temperature are also studied.
Chapter 6: The last chapter summarized the important experimental findings and

also provides prospective for the future works.
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Chapter 2

Background and experimental

techniques

2.1 Introduction

In this chapter, we introduce the background and experimental methods for GaN
nanorod growth and characterization. The chapter is arranged as follows: section 2.2
discusses the basic properties of GaN nanorods including their crystal structure,
synthesis methods, polarity, optical properties, and application in LEDs. In section 2.3,
we describe the epitaxial growth using metalorganic chemical vapour deposition
(MOCVD), and various characterisation techniques used in this thesis, including
scanning electron microscope (SEM), transmission electron microscope (TEM),
scanning transmission electron microscope (STEM), cathodoluminescence (CL),

focused ion-beam (FIB), and nanoscale secondary ion mass spectrometry (nano-SIMS).
2.2 Backgrounds

2.2.1 Crystal structure and polarity of III-nitride material

For III-nitride materials, there are mainly two phases: wurtzite (figure 2.1 a) and zinc-
blende (figure 2.1 b). Wurtzite GaN is the thermodynamically stable phase with a
hexagonal crystal structure. GaN grown by MOCVD system is mainly wurtzite in
structure, while pure zinc-blende structure requires special growth conditions. The zinc-
blende structure is the metastable phase with a cubic crystal structure. The two phases
have differences in crystal symmetry, bandgap, impurity incorporation rate, etc [1]. The
wurtzite and zinc-blende structures both have tetrahedral coordination, but their
stacking sequences are different. The stacking sequence of wurtzite structure
is ...AaBbAaBb...along the c-axis (figure 2.1 ¢) while the stacking sequence of zinc-
blende structure is ...AaBbCcAaBbCc... (figure 2.1 d). The upper and lower case
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letters stand for group III and nitrogen atoms, respectively.

(a) Waurtzite (b)

Zinc-blende

© Natom

O Ga atom

O Natom

O Ga atom

(d)

Zinc-blende

Figure 2.1 Schematic drawing of GaN crystal structure: (a) wurtzite and (b) zinc-blende phase.

Layer sequence and the corresponding 3D presentation of (¢) wurtzite and (d) zinc-blende

structure.

Table 2.1 Material properties of GaN, AIN, InN, and sapphire [2].

Crystal properties GaN AIN InN a-Al,0,
Lattice constant (A) a 3.189 3.112 3.548 4.758
Lattice constant (A) ¢ 5.185 4,982 5.760 12.991

Lattice constant (&) c/a 1.625 1.600 1.623 2.730
Density (g/cm3) 6.99 6.10 3.26 3.97
Thermal expansion 5.7 5.59 4.20 7.90-8.30
coefficient (10¢/°C) a
Thermal expansion 3.70 3.17 5.30 8.80-9.00
coefficient (10¢/°C) ¢

The lattice parameters and thermal expansion coefficients of GaN, AIN, InN, and
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sapphire are shown in table 2.1. Although the lattice and thermal mismatch between I1I-
nitrides and the sapphire substrate would lead to high dislocation density and cracking
of the epitaxially grown film, the sapphire substrate is still widely used in GaN growth
due to its high thermal stability, low cost, and high optical transparency.

Due to the non-centro symmetry of the wurtzite crystal structure, there exist two
polarities along the [0001] direction (figure 2.2): Ga-polar [0001] and N-polar [000-1].
Apart from the polar planes, other planes also exist such as non-polar planes and semi-
polar planes. The polarity would significantly affect the surface energy, which leads to
diverse properties in dopant incorporation, surface reactivity, and thermal stability [3,

4].

(a) Ga-polar GaN (a) N-polar GaN

o
>

Growth direction

substrate

Figure 2.2 Schematic drawing of Ga-polar and N-polar GaN.

For traditional MOCVD growth, typically Ga-polar films are achieved, while
specific growth conditions are needed to obtain N-polar films [4]. The selection of
polarity is related to the nitridation process and buffer layer growth [5, 6]. An adequate
nitridation and GaN low-temperature buffer are needed to achieve Ga-polar films [7].
For GaN nanorod growth, the small footprint makes it is more sensitive to polarity
change [8, 9] and may lead to different morphology and optical properties. Several
methods are used to determine the polarity of GaN, such as convergent beam electron
diffraction (CBED) [10], electron energy loss spectroscopy (EELS) [11], X-ray
photoelectron spectroscopic study [12], sensitive etching (KOH solution continuous
etches N-polar GaN) [13], piezo-response force microscopy and aberration-corrected
STEM measurements to directly image the group III and N atomic columns [14]. In this
thesis, we used aberration-corrected STEM that will be discussed in 2.3.7 of this chapter.
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2.2.2 Bottom-up GaN nanorod synthesis approach

2.2.2.1 Catalyst-assisted growth

The catalyst-assisted growth uses metal particles as catalyst to initiate growth.
Depending on whether the catalysts are liquid or solid, growth could occur in either the
vapour-liquid- solid (VLS) [15, 16] or vapor-solid-solid (VVSS) growth modes [17]. For
VLS growth (figure 2.3), radicals pyrolyzed from the vapour-phase precursors would
either incorporate through the boundary of the particle-nanowire interface (triple-phase
boundary) [15] or directly be absorbed into the droplet [16]. When the metal droplet
becomes supersaturated, the nanorod would crystallize at the liquid-solid interface and
grow along the main axis (axially). Other surrounding adatoms on the substrate can also
diffuse along the nanorod and contribute to both axial and radial growth, resulting in a

highly anisotropic 1D structure.

o
lU f#’

I

: |
‘, _— ‘ \
o of N |

- 2.0 0--9
Catalyst Melting and alloying Nucleation and growth

Figure 2.3 Schematic illustration of catalyst-assisted nanorod growth.

The first VLS growth of GaN nanorods was reported by Lieber’s group [18] in the
year 2000 using laser ablation and Fe catalyst. Other typical metal species used for GaN
nanorod growth include Au [19, 20], Ni [21], and Al [22]. Depending on catalyst
material composition, substrate, and growth conditions, nanorods can show variations
in growth orientation, morphology, structural, electrical, and optical properties. For
example, Kuykendall et al. [22] found that by changing the composition of the Ni-Au
alloy catalyst, the nanorod growth direction could be altered from the <1100 > to <1120 >
direction. Different combinations of catalysts and substrates can also change nanorod
morphology. For instance, Au-seeded GaN nanorods grown on MgO substrate show
hexagonal cross-sections [23], while Ni-seeded GaN nanorods grown on (100) y-
LiAlO> have triangular cross-sections [24]. Moreover, Zhou et al. [25] found nanorods

grown using different catalyst differed in growth rates and optical properties. They
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found the Ni-seeded nanorods grow faster without basal plane stacking faults (BSF),
while Au-seeded nanorods contained BSF and their bandgap was blue-shifted [25]. This
phenomenon was attributed to changes in supersaturation and surface energies in
different types of seed particles.

The catalyst-assisted approach is simple and does not require complex fabrication
facilities. However, the use of the metal catalyst could be detrimental for device
applications. Additionally, the metal catalyst can also promote impurity incorporation
and defects such as stacking faults, which could degrade the nanorod properties [26,
27]. Nevertheless, due to its simplicity, this approach is still attractive and provides a

valuable platform for studying the fundamental growth mechanisms of nanorods.
2.2.2.2 Selective-area epitaxy

As mentioned above, there are many limitations in catalyst assisted-growth and hence,
the catalyst-free approach was investigated as an alternative. Based on whether a
dielectric mask is used or not, the catalyst-free approach can be categorized into
selective-area epitaxy (SAE) and self-assembled growth.

In the SAE approach (figure 2.4), a patterned mask on the substrate or buffer
layer/substrate is used to control the growth kinetics and form the nucleation sites to
obtain uniform nanowire arrays. Selective area growths of GaN nanorods have been
achieved on various substrates such as sapphire [28], GaN templates grown on sapphire
[29], Si (111) [30] and SiC [31]. SiNx [31] and SiOx layers [29, 30] have been used as
the mask. SAE grown GaN nanorods were first reported by Hersee et al. [31] using a
pulsed mode in an MOCVD system. As illustrated in figure 2.5 (a), the pulsed mode is
a growth method that alternately injects group Ill and group V precursors into the
growth chamber, in a similar fashion as atomic layer deposition. Hersee et al. [31] have
found that under a high V/IlI ratio (1500), continuous mode (figure 2.5 b) would lead
to a lateral 2D growth, so they adopted a pulsed injection sequence of trimethylgallium
(TMG), ammonia (NH3) to achieve rapid and uniform nanorod array growth.
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Figure 2.4 Schematic drawings of selected area epitaxy of nanorods.
(a). Pulsed mode (b). Continuous mode (c). NH; pulsed mode
NH, ‘ NH; ‘ NH,
T™MG : TMG TMG

Figure 2.5 Illustrations of different growth modes used in SAE growth of GaN nanorods.

The reason for pulsing the precursors is to overcome the hydrogen passivation effect
in GaN [32, 33]. As shown in figure 2.6 (b) and (c), the semi-polar planes in N-polar
crystals are not passivated by hydrogen and can transform into non-polar planes through
hydrogen etching effects, therefore forming into a nanorod morphology. However, in
Ga-polar crystals, their semi-polar planes can be passivated by hydrogen [34-36] (figure
2.6 a). A continuous supply of precursors would keep the semi-polar planes and the

slow growth rate of these planes [37] would lead to pyramid formation [32].
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Figure 2.6 H-passivation effects on Ga-polar and N-polar GaN: (a, b) H-passivation effect on
Ga polar and N-polar nanorod, respectively [32]. (¢) semi-polar planes of the N-polar GaN
structure etched by hydrogen (adapted from [32]).

To overcome this problem, in the pulsed mode, a pause step without any precursor
supply is introduced to reduce the hydrogen passivation effects [33]. During the pause,
residual precursors are flushed out of the reactor to enable H» etching on the semi-polar
planes and also minimise the simultaneous presence of Ga and N atoms to reduce lateral
growth [33]. As shown in figure 2.7 (b), by adjusting the precursor injection and pause

times, lateral growth can be suppressed and the rod-like morphology is achieved.
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Figure 2.7 Schematic model for pulsed mode demonstrating the effect of NH3 interruption
(adapted from [33]): (a) NH3 injection leading to H-passivation and the overlap of Ga and N
to form a pyramidal shape. (b) NH3 interruption-leading to a rod-like morphology.

The pulsed mode requires a complicated sequence and combination of precursor
pulsing and pause times to achieve optimum rod-like growth. To simplify the growth
process, a continuous mode (figure 2.5 b) was proposed by Choi et al. [29] using
extremely low precursor flow rates and V/III ratio (two orders of magnitude lower than
V/II ratio used in typical GaN thin film growth). Nanorods with small diameters of
~50 nm were achieved through this method. However, the nanorod morphology is
largely affected by mask opening size and larger diameter openings (400 nm) lead to
lateral expansion [29]. Therefore, to achieve nanorods with small diameters, this
method requires more complicated processes during mask preparation.

A method combining the advantages of pulsed and continuous mode [38] was
proposed by Lin et al. [38], in which only NH3 is pulsed during the growth. This NH3
pulsed mode (figure 2.5 c) is simpler compared with standard pulsed mode and is more
tolerant to the size of mask openings. The nanorods synthesised by this method also
shows better optical properties with strong suppression of yellow luminescence (YL).

Through SAE growth, nanorod arrays with uniform diameter and pitch sizes have
been achieved [39, 40]. However, this type of growth is highly dependent on the mask

quality, and also mask fabrication is usually carried out by electron beam lithography
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which is complicated and time-consuming.
2.2.2.3 Self-assembled growth

Self-assembled growth is a mask-free approach and was first used for GaN nanorod
growth in a molecular beam epitaxy (MBE) system on Si (111) substrate [41] and
sapphire (0001) substrate [42]. Later, it is also realised by MOCVD [43] and halide
vapour phase epitaxy (HVPE) [44].

Direct impingement £

$_

' Desorption

" 4

Diffusion

Figure 2.8 Schematic drawing illustrating the various processes occurring during self-

assembled nanowire growth.

As shown in figure 2.8, a diffusion induced growth model is proposed in MBE
growth [45-47]. The nanorods are grown under high temperature, high V/III ratio
growth conditions, which could promote differential surface diffusion rates on the top
and sidewall facets of the nanorods to achieve vertical growth [48]. Debnath et al. [45]
found the top surface may act as an efficient collector of adatoms due to its lower
chemical potential compared with other surfaces of the nanorods. The incoming atoms
could be incorporated into the nanorod through direct impingement at the top of the
nanorod. In addition, the adatoms arriving in regions between nanorods could diffuse
towards the nearest nanorod and migrate along its sidewalls and be incorporated either
on the sidewalls or at the top depending on the diffusion length of the adatoms. Direct
impingement dominates in short and thick nanorods while in thin rods with a high
aspect ratio, the adatom diffusion mechanism is more dominant [45].

MBE lacks large-scale productivity due to its slow growth rate and the high expenses
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of maintaining the ultra-high vacuum growth conditions. In contrast, Koester et al. [43]
reported a self-assembled growth method for high-speed growth of GaN nanorods on
sapphire (0001) substrates via silane-assisted growth in MOCVD system. Their growth
process could be divided into three steps: (i) Formation of a SiNx mask by injecting
silane and ammonia simultaneously. The function of the SiNx mask is to restrain the
nanorod growth within its openings; (ii) GaN nucleation without silane; (iii) Vertical
nanorod growth with high silane injection. They found that the essential parameters to
achieve nanorod growth are nucleation time, high silane injection and small V/III ratio
[43]. Compared with the self-assembled growth in MBE without silane, the silane-
assisted MOCVD growth has the advantages of wafer-scale productivity, uniform
density (107 rods cm?) and extremely high growth rate (tens micrometer per hour) [43].

Later, self-assembled growth was also realised by other groups [49-51] with slightly
different growth parameters and steps, but all of these reports show that silane is key in
promoting vertical growth. The role of silane was clarified by Tessarek et al. [52] where
it would lead to the formation of SiNx on nanorod sidewalls and substrate. The SiNx
layer on the sidewalls could prevent lateral growth and etching of the sidewalls. In
addition, it enhances adatom mobility and increases the growth rate of the nanorods
[52].

The impacts of other growth parameters have also been investigated, including V/III
ratio nucleation/growth temperature [51], nucleation/growth duration [50], precursor
flow rate [50], chamber pressure [49] and carrier gas mix ratio (H2/N2) [49]. Although
the optimum growth conditions can vary from chamber to chamber, by and large, the
growth window for GaN nanorods grown by this technique are [43, 49-51]: (1) growth
temperature: 1000-1150 °C; (i1) V/II ratio: 6-48 with very low NH3 flow rate; (iii) high
silane injection: 200-536 nmol/min. Xue et al. [51] showed that under certain growth
conditions, self-assembled nanorod growth is limited by direct impingement on the top
of the nanorod rather than the surface diffusion process. Mixed polarity has been found
in some of their nanorods which have a Ga-polar core but covered by an N-polar shell
[51]. Chen et al. [10] found that a low V/III ratio was necessary and using a high V/III
ratio would lead to lateral coalescence of nanorods even under high silane injection.
They also linked the morphology of pyramidal tops to Ga-polarity and flat tops to N-
polarity based on CBED results [10].

The self-assembled approach of growing GaN nanorods is not only demonstrated on
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sapphire substrates but also on graphene covered sapphire [53] and graphene covered
Si (111) and (100) substrates [54]. Heilmann ef al. [54] claimed the graphene layer can
also act as a substrate and a chemically inert buffer to integrate the GaN nanorods onto
any other substrates that can sustain the high growth temperature required for GaN
nanorods. Multi-quantum well (MQW) structures grown on nanorods have also been
reported [55, 56] and optoelectronic devices based on these structures have been
realized, such as single nanorod LEDs [57], single nanorod photodetectors [56], and
substrate-free nanorod array LEDs [58, 59].

In summary, the self-assembled approach is totally foreign-catalyst free and does not
require complicate substrate preparation or mask fabrication process. It could be used
for wafer-scale growth and transfer to other novel substrates. These advantages have
made it an attractive approach for the nano-device applications that do not need precise

positioning of the nanorods.
2.2.3 Point defects in GaN

Point defects are prevalent in I1I-nitrides, and they have fundamental effects on material
properties [60]. Based on their chemical origins, point defects can be roughly divided
into extrinsic defects, such as dopants and impurities, and native defects such as

vacancies and interstitials.
2.2.3.1 Extrinsic point defects

Extrinsic defects include dopants that provide donors/acceptors to control conductivity
and unwanted deep levels that act as traps and non-radiative recombination centers. In
this section, we would briefly review the conventional dopants (Si, Mg) and several
impurity elements (C, O, and H).

For silicon, it could be introduced into GaN as Siga donor or Six acceptor. However,
the Sin is considered as unfavourable due to its large atomic size and high formation
energy [61]. A heavy Si doping is used in n-type GaN to increase the carrier
concentration and minimize Ohmic resistance. A carrier concentration limit around 1-2
x10" ¢cm™ has been reported [62], which means over this limit, the material quality
would be degraded. Excess Si would cause a large tensile strain, which gives rise to
dislocations, surface roughening, and wafer cracking [63-65]. These defects may also
act as nucleation sites for Si segregation and a second condensed phase formation [60].

Magnesium as a p-type dopant in GaN is introduced as Mgga with a binding energy
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of 224 meV [66]. The Mgga acceptor is considered to have a sharp acceptor-bound
excitons emission at 3.466 eV [67], donor-acceptor pair emission at 3.27 eV [67], and
may also be related to a broad blue luminescence at 2.9 eV. The ionization energy for
Mggais around 110-190 meV [68-70] depending on its doping concentration. Such high
ionization energy would lead to a relatively low percentage of ionized acceptors under
3

room temperature. Researchers have found a high Mg doping level above 1x10'" cm"

would lead to defect-related hole compensation and also a decrease in conductivity [60].
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Figure 2.9 Formation energy of carbon-related point defects and schematic illustration of CN*
in GaN: (a, b) Formation energy versus Fermi level for Cg,, Cx, and C; in GaN under Ga-rich
and N-rich conditions, respectively (adapted from [71]). (c¢) Structure and spin density
associated with CN" in GaN (adapted from [71]).

Carbon is introduced into the MOCVD through metalorganic precursors and can
exist as an impurity in GaN. C is considered to be a source for yellow luminescence
(YL) [72-74] and could be introduced as Cga donor, Cn acceptor, and C; interstitial. For
Ch, it has been linked with YL in many reports [71, 75, 76]. In undoped or n-doped
GaN, Cy is considered as the most stable charge state. Christenson et al. [76] predicted
Cn peaks at 2.18 eV with zero phonon line (ZPL) at 2.67 eV, which agrees well with
the YL emission. Some reports [77-79] argued Cn—On complex with a transition level
at 0.75 eV above the valance band as the primary source for YL in C-doped GaN.
However, other studies pointed out Cn—On complex is not stable, and most recent
calculation results show rather than Cn—On complex, the YL is related to isolated Cn
defects [60].

For other forms of C incorporation, such as C;, it has been reported to have high
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formation energy [71] and occurs when the Femi level is near the valence band
maximum. Density functional theory (DFT) calculations have shown Cga is introduced
in GaN as a shallow donor and stable in the positive charge states across the bandgap
[71]. However, Cga possesses the lowest formation energy only at N-rich growth
conditions [71], and Cgais not the most favoured in undoped and n-doped GaN.

Oxygen as an abundant element in the environment can incorporate into GaN as a
shallow On donor. The binding energy of O is 33.5 meV [61], and controlling isolated
On concentration is difficult since On tends to form stable complexes with intrinsic
point defects such as Vga.

Hydrogen is easily introduced into GaN as an interstitial (H;) during growth or
processing. It forms deep acceptor Hi and deep donor Hi* in n-type and p-type GaN,
respectively [80]. Hi" has lower formation energy in p-type GaN, and Mg doping is
enhanced in the presence of H;'[81]. Hi" donor can bond with Mgga acceptor to form
into a stable complex Mg-H complex with a binding energy of 1.02 eV [82]. The Mg-
H complex would inactivate the Mg acceptor and reduces the free hole concentration
in Mg-doped GaN [82]. Procedures such as anneal after the growth is introduced to

reduce the passivation and reactive the acceptors [83].
2.2.3.2 Intrinsic point defects

The intrinsic point defects in GaN include vacancies (Vga, V), interstitials (Gai, Ni),
antisites (Gan, Nea), and complexes like Vea-Vn, Gan-Vea, and Nea-Vn. To identify the
nature of native defects, comparisons between the results of optical experiments such
as photoluminescence (PL), Raman spectroscopy with the first-principle calculations
and other supporting experiments are necessary.

Vacancies have the lowest formation energy among the native defects and exist with
substantial concentrations in GaN. Vx is one of the most stable native defects for a large
range of Fermi levels, but the high formation energy close to the conduction band
minimum (CBM) makes it unlikely to form in n-doped and unintentional doped GaN
[84, 85]. V can exist in p-type GaN with an optical signature visible in PL, and it is
suggested as a source of green and yellow luminescence (YL) in p-type GaN [86]. Yan

et al. [87] predict the recombination of a hole from Vn** with an electron from the CBM
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emits at 2.18 eV with ZPL at 2.99 eV.
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Figure 2.10 Charge density of the localized defect state of Vx and V.. (a) V calculated in the
3+ charge state. (b) Vgain 3- charge state (adapted from [85]).

Ga vacancy possesses the lowest energy among all the native defects in n-type GaN.
Ga vacancy has long been considered as a source of YL through experimental results
in combination with positron annihilation spectroscopy (PAS) [61]. In recent DFT
simulations, Lyons et al. [88] predict the capture of a hole from the valence band

maximum to VGa> emits at 2.27 eV with ZPL at 2.8 eV, matching the YL emission

position. Diallo et al. [85] have predicted another possible recombination process where
isolated Vga emission peaks at 0.6 eV with ZPL at 1.4 eV, which is likely to be a non-
radiative defect [85].

Interstitial and antisite defects are less favourable due to their high formation energy
[60] and could be generated under non-equilibrium conditions, such as ion implantation
or electron irradiation [89-91]. According to the latest hybrid functional calculations,
the most stable configuration of N interstitial is in the form of N-N bond with an N host
atom [85]. N; is recently observed by electronic paramagnetic resonance, and electron-
nuclear double resonance experiments in electron irradiated n-type GaN [92]. The most
stable configuration for Ga interstitial, Gi is the one that exists alongside a Ga atom near
the octahedral site along the c-axis of the crystal. G; acts as a compensating center in p-
type GaN and has been identified in electron irradiated GaN through electronic
paramagnetic resonance [93]. N antisites have the highest formation energy among the
native defects and unlikely to be formed in both n-type and p-type GaN. Ga antisites
have lower formation at Fermi level close to the conduction band minimum (CBM)
compared with Ga interstitials, and Ga antisites are the dominant native point defects

25



Chapter 2

in n-type GaN, excluding vacancy-related defects.
2.2.4 Optical properties of GaN

For semiconductors, luminescence could be divided into two types: intrinsic emission
and extrinsic emission (characteristic emission). Intrinsic emission is due to the
recombination of electrons and holes at the energy bandgap, which is also known as
fundamental emission. When the conduction band minimum and valence band
maximum are at the same wave vector value k (as shown in figure 2.11 a), the
semiconductor has a direct bandgap (such as in GaN and GaAs). In this process, the
recombination of electron-hole would emit a photon whose value equals to the bandgap
energy Eg, which would be affected by doping concentration, crystal structure,
temperature and etc. [94]. If the extrema of both bands not at the same k (figure 2.11
b), the electron-hole recombination could emit a phonon, then the semiconductor has
an indirect bandgap (such as in Si and GaP). Because of the necessity for extra phonon
participation, the emission probability of indirect bandgap semiconductor is orders of

magnitude lower than that of a direct bandgap semiconductor.

Conduction band Conduction band

Valence band Valence band
(a) (b)

Figure 2.11 The energy transition between initial states E; and final states Er for (a) direct
bandgap semiconductor, (b) indirect bandgap semiconductor. The transition in indirect

bandgap requires the participation of a phonon.
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At low temperatures, electron-hole pairs can form a bound state, known as the
exciton. The recombination energy of the exciton states approximately corresponds to
the energy bandgap, which belongs to intrinsic emission also known as ‘near-band-
emission’ (NBE). The various types of radiative transitions in the semiconductor are
shown in figure 2.12 [94]. In process 1, an excited electron relaxes from an excited state,
which may be accompanied by phonon-assisted photon emission. In process 2, an
electron directly recombines with a hole, accompanied by the emission of a photon
(energy approximately equal to Eg). Process 3 describes free or impurities bound
excitons decay. The impurities bound with exciton could be neutral/ionized donor
D°X/D"X, neutral /ionized acceptor A°X/AX. Processes 4 to 6 are extrinsic emission
related to impurities states: process 4 is a donor to free hole transition (D°h), process 5
is free electron to acceptor transition (eA°), and process 6 is donor-acceptor pair (DAP)

recombination.

! | | LEi L1 E,
O O

Figure 2.12 Schematic drawing of the radiative energy transition in the semiconductor: Ec

(conduction band), Ev (valence band), Eg (exciton), Ep (donor level), Ea (acceptor level).

A typical emission spectrum at the liquid N> temperature of a GaN nanorod is shown
in figure 2.13. The near band emission is centred around 3.4 eV and the broad peak at
2.2 eV is the yellow luminescence. The origin of yellow luminescence is commonly

believed due to the Ga vacancy or carbon incorporation [77]. The carbon source comes
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from the metalorganic precursors used for growth and/or chamber environment.

(a)

Intensity (a.u.)

(b

A

PL intensity (cps)

Figure 2.13 Typical optical emission peaks of GaN. (a) A typical CL spectrum of GaN nanorod
taken at liquid N» temperature. (b) PL spectra of Mg-doped GaN epilayers with Mg-doping
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Other types of defect-related luminescence also exist such as red luminescence
(peaked around 1.8 eV), green luminescence (peaked around 2.5 eV), and blue
luminescence (peaked around 2.9 eV). Figure 2.13 (b) shows the distribution of red,
green, and yellow luminescence in an Mg-doped GaN epilayer [95]. Green
luminescence in the Mg-doped sample has been attributed to point defects such as
nitrogen vacancies. Blue luminescence in Mg-doped GaN layers has been studied by

Kwon et al. [96] where they relate it to a shallow Mg acceptor or a complex composed

of Mg acceptor and nitrogen vacancy.

2.2.5 GaN nanorod LEDs

LED is one of the most important applications for GaN and related nitride materials.

GaN-based LEDs could have efficiency as high as 300 Im/W, which is more efficient
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than traditional incandescent and fluorescent lamps that only offer efficiencies of 15-
100 Im/W. In conventional planar GaN-based LED, there is an emission efficiency
droop at longer wavelengths, which leads to a ‘green-yellow gap’ at 550 to 590 nm,
which coincides with the highest human eye spectral response. This droop is attributed
to a large lattice mismatch in InxGaixN/GaN structure and piezoelectric field for
materials grown on c-plane (polar plane). This piezoelectric field in InxGa;xN quantum
well leads to spatial separation of holes and electron wave-functions, which lowers the
carrier recombination efficiency. To prevent the strain built up and higher dislocation
density in thicker quantum wells, thin quantum wells with thickness around 2-4 nm are
used [97]. However, thin quantum wells also lead to the efficiency droop at high carrier
densities.

To overcome the limitations in GaN-based planar LEDs, GaN nanorod LED was
proposed with various advantages [58, 98]: (i) improved carrier recombination
efficiency on non-planar quantum-confined Stark effect (QCSE)-free sidewalls, (ii)
superior crystal quality due to dislocation bending and spatial filtering, (iii) thicker
InGaN MQWs with higher In content are possible on the sidewalls to span a wider
wavelength range, (iv) improved light extraction efficiency due to natural geometry of
the nanorod, and (v) the ability to fabricate single nanorod device and integration with

silicon photonics circuit.

Axial MQW Core-shell MQW

Figure 2.14 Schematic drawing of GaN-InGaN MQW structure: axial MQW (left) and core-
shell MQW (right).

GaN nanorod LEDs could be divided into two types based on their geometries: one
is a core-shell type (figure 2.14 right) with MQWs covering the whole nanorod as a
shell while the other is axial configuration (figure 2.14 left) where the MQWs are
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stacked the same orientation as the nanorod growth direction.

The core-shell geometry provides larger surface areas that fully utilize the advantage
of nanorod geometry. This type of structure is mostly grown by MOCVD, and many
groups [99-104] have successfully demonstrated nanorod array LEDs. Core-shell QWs
could be grown on both non-polar or semi-polar plane. Ra et al.[104] found that the
growth rates of m-plane (2.5 nm) and r-plane (2 nm) are different and the emission
wavelengths are also different by 40 nm. Chang et al.[105] found that indium content
and quantum well thickness vary with the number of QW growth. It is also found that
forming a good ohmic contact for the p-contact is difficult in nanorod array LEDs [106].

The axial QW structure has a smaller active region making it suitable for applications
such as LED and single photon emitter and are usually grown by MBE or through the
top-down method. Nguyen et al.[107] have grown InGaN/GaN axial MQW nanorod
LEDs and found that a p-type AlGaN blocking layer was necessary to prevent the
electron overflow effects and no efficiency droop was observed in their device for
injection currents up to 2200 A/cm™. Hon-Way Lin et al. [108] demonstrated white
emission with 6000 K color temperature using plasma-assisted MBE grown axial MQW
structure. They found the emission peak of the MQW could be controlled by growth
temperature and In/Ga beam fluxes.

Single nanorod LEDs are attracting a lot of attention due to their small size and the
possibility of integration with Si circuits. The first GaN single core-shell LED was
reported by Qian ef al. [109] with the following structure: n-GaN inner core, followed
by a single undoped InGaN/GaN quantum well and covered by a p-AlGaN electron
blocking layer. Later, J. Emery’s group [110] demonstrated a single core-shell nanorod
LED emitted at 392 nm. They confirmed there was no QCSE in the non-polar MQW
structure through power-dependent CL measurements where no blue shift in the
emission wavelength was observed with increasing excitation energy. Blue shift is
related to the increased number of electron-hole pairs caused by QSCE screening effect.
J. Emery’s group [111] have also synthesized nanorod LEDs and detector on the same
Si/S102 template. The devices were connected by a SiN waveguide and the on/off state
could be switched within less than 0.5 s.

Daylight illumination with white LEDs is one of the important applications in GaN-
based LEDs. White light could be generated using two general approaches:
polychromatic LEDs light mixing (blue, green, yellow, red, and etc.) or LED and
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wavelength-converters combination (phosphors, semiconductor, and dyes). The
commonly used phosphors [77] may lead to low modulation speed, low colour
rendering index, and loss in colour conversion. Phosphors-free white LEDs, on the
other hand, could be realized using nanorods with emission from the three primary
colours by tuning the indium content in InGaN quantum wells. Hiroto Sekiguchi et al.
[112] have found that in selective area growth, changing the nanorod diameter from
130 to 270 nm could tune the InGaN MQW emission from 513 to 632 nm. The change
was attributed to the beam shadow effect caused by nearby nanorod and different in
diffusion rates of the indium and gallium adatoms. Other structures such as quantum
dots are also used to realize a wide emission wavelength range. Nguyen et al.[107] have
inserted ten InGaN quantum dots with different indium content to achieve a steady

chromaticity coordinate even under high injection current.
2.3 Experimental techniques

2.3.1 Epitaxial growth: MOCVD technique

MOCVD (metalorganic chemical vapour deposition), also known as MOVPE
(metalorganic vapour phase epitaxy) is a crystal growth technique using organometallic
precursors for chemical vapour deposition. We used an Aixtron 3>2FT close-coupled
showerhead MOCVD system to grow the GaN nanorods. A photo and a schematic
drawing of the system are shown in figure 2.15. The system could be divided into four
major parts: the gas handling system, the reaction chamber, the heating and temperature
control system, and the pumping, exhaust and pressure control system.

The gas handling system includes the sources (precursors and other necessary gas
supply) and gas mixing system. Organometallic precursors such as trimethylgallium
(TMGa), triethylgallium (TEGa), trimethylaluminium (TMALI), trimethylindium (TMIn)
were used as the Ga, Al and In source, respectively. NH3 was used as the nitrogen source.

SiH4 was used as the n-type. The carrier gases were nitrogen and/or hydrogen.
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Figure 2.15 (a) A photo (adapted from [113]) and (b) a schematic drawing of the Aixtron
3x2FT close-coupled showerhead MOCVD system.

The schematic drawing of the gas delivery circuit is shown in figure 2.16. The
metalorganic precursors were stored in pressure-controlled cylinders in temperature-
controlled baths and carried into the reactor by the carrier gas. The substrate was heated
to high temperature, while metalorganic precursors and hydride sources would pyrolyse
inside the reactor leading to the growth of GaN nanorods:

Ga(CH3)3tNH3—> GaN + 3CH4 (2.1)

Ga(CzHs)3+NH3 - GaN+3 C2He (2.2)
During the growth of GaN nanorod, silane was additionally added, not only for n-
doping, but also to promote the vertical growth of nanorod.

The reaction chamber used in this system is a vertical geometry close-coupled
showerhead reactor as shown in figure 2.17. Inside the reactor, substrates are held on a
SiC covered graphite susceptor. A quartz liner is used between the susceptor and the
metallic reactor sidewall to minimise deposition on the chamber walls. The vertical
design of the reactor allows the reactants to enter the reactor vertically through the
showerhead in close proximity to the wafers to reduce flow vortices and improve

uniformity.
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Figure 2.16 Schematic drawing of the gas circuit diagram in an MOCVD system.

(b)

Figure 2.17 MOCVD reactor and heating coils: (a) A photo of the Aixtron 3x2FT close-
coupled showerhead MOCVD reactor. A: Thermocouple, B: Tungsten heater, C: Showerhead,
D:Reactor lid, E: Optical probe, F: Showerhead water cooling, G: Double O-ring seal, H:
Susceptor, I: Quartz liner, J: Susceptor support, K: Exhaust (adapted from [114]). (b) A drawing
of heater coils - the center area is Zone A (red), the middle area is Zone B (orange), and the

outer area is Zone C (blue) (adapted from [114]).
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The reaction chamber is heated by a set of three resistive tungsten coils inside the
susceptor as shown in figure 2.17 (b). Each zone is controlled individually with its own
power supply. Through balancing the power supply setting, we are able to achieve
uniform temperature distribution across the susceptor surface. The susceptor also
rotates during the growth to improve uniformity during growth.

A schematic drawing of the reaction process in the reactor is depicted in figure 2.18
and could be divided into 7 steps: (1) precursors introduced into the chamber through
the two separated plenum to minimize pre-reaction and transported to the substrate by
the carrier gas, (2) molecules diffusing through the boundary layer, (3) molecules
adsorb onto the substrate, (4) molecules diffusing to the crystallization area. (5)
chemical deposition of the crystal, (6) by-product desorb and diffuse out of the
boundary layer, and (7) by-products transported out of the reactor.

Upper Plenum-Group IIT

Lower Plenum Group V

I R
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Figure 2.18 Schematic drawing of precursors reaction inside the MOCVD chamber.

The reactor is connected with the pumping and pressure control system. Before
leaving the system, the effluents need to pass through the two-stage particle filters and
the toxic gases would be absorbed in the scrubber to minimize the impact on the

environment.
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2.3.2 Thermal evaporation

(a) Substrate - (b)
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Figure 2.19 Schematic drawing and a photo of the thermal evaporator system: (a) Schematic
drawing of the thermal evaporation process. (b) Photo of the Temescal BJD-2000 electron

beam/thermal evaporator system.

Due to the poor conductivity of GaN and sapphire, a metal layer is needed to enhance
the SEM imaging quality and to improve the accuracy during TEM sample preparation
by the FIB milling process. Thermal evaporation is used to deposit 10-100 nm of gold
onto the nanorod and substrate surface.

The schematic drawing of the thermal evaporation system is shown in figure 2.19
(a). Under a high vacuum environment, the target material in the resistive boat is heated
to evaporation point by joule heating. The vapourized material would travel from the
source to the substrate and would nucleate and form into a thin film onto the substrate.
A wide range of materials is available for the thermal evaporation process, such as Al,
Au, Ni and etc.

A high vacuum is essential for evaporation processes [115]. Firstly, during the travel
from the source to the substrate, the vapour molecule might collide with the gas
molecule and change its travel direction, which will affect the substrate coverage
homogeneity. A high vacuum is required to reduce the collision chance and achieve
straight travel from the source to the substrate. Secondly, the background gases in the
chamber such as oxygen and moisture would reduce film purity. Under a high vacuum,
when the partial pressure of these gases is reduced to less than 107 Torr, the purity of
the deposited films is largely improved [115]. A photo of the Temescal BJD-2000

electron beam/thermal evaporator system used is shown in figure 2.19 (b). This system
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consists of a scroll pump and a cryo-pump allowing for a vacuum range down to the

mid-107 torr, which ensured a high purity of the evaporated films.
2.3.3 Scanning electron microscopy

The nanorods are characterized by scanning electron microscopy (SEM) for their
diameter, length, and orientation relationship with the substrate. A schematic drawing
of the SEM is shown in figure 2.20. The electron beam is produced by an electron gun
and focused by a set of condenser lens and objective lens into a fine probe (1-10 nm in
diameter). When the electron probe is irradiated on the sample, various signals are
emitted from the sample surface (figure 2.21). This information is collected by different

types of detectors and converted into electric signals for imaging and elemental analysis.

Electrgn gun

Copdenser lens

Seanning coil

Display unit

Objective lens

-

L |

SecondaryjElectron Detector
Sample

Figure 2.20 Schematic drawing of an SEM system.

Incident electron beam
X-rays

Cathodoluminescence
Backsattered electrons

Auger electrons

Secondary electrons

Transmitted electrons Diffracted electrons

Figure 2.21 Different signals produced when an electron beam impinges on a sample.
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The main signal sources of imaging are secondary and backscatter electrons.
Secondary electrons are produced by valence electrons emission with low energy. This
means only the electrons generated at the surface are emitted, while those generated
deeper in the sample would be absorbed by the sample. Therefore, secondary electrons
are very sensitive to the surface and used for imaging the surface topography.
Backscattered electrons are incident electrons that are scattered backward when hitting
the sample. Backscattered electrons have higher energy and provide information from
a deeper region of the sample. As the energy and yield of the backscattered electrons
depend on the atomic number of the atoms in the sample, they are very sensitive to the
sample composition. Two types of instruments were used in this work: a FEI Verios 460
SEM system and a FEI Helios 600 Nanolab system. The acceleration voltage used was
1-5 kV.

2.3.4 Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) is an analytical technique that probes the
composition of the material using electron beams. As discussed in section 2.3.2, X-ray
1s among one of the signals produced when a high energy electron beam impinges on a
sample. The primary energy electrons excite the core electrons to higher energy states,
creating a low-energy vacancy in the electronic structure. This leads to the electrons
from higher energy levels filling the vacancies and characteristic X-rays are emitted as
shown in figure 2.22 (a). The energy of the X-rays is equal to the energy difference
between the two electron shells where the transition took place. Due to the unique
atomic structure of each element, the X-ray emission spectrum is also unique for
different elements, which enables the identification of the elemental composition.
EDX measurements could be carried out in SEM or TEM systems equipped with
EDX detectors. The EDX spectra could be obtained from a specific spot (spot scan), a
line of spots (line scan), and a raster scan across the imaging area (EDX map). EDX
maps are collected under STEM mode where the electron beam is raster-scanned and
the EDX spectrum is collected at each pixel. EDX map at the edge of a GaN nanorod
cross-section is shown in figure 2.22 (b) where Ga element is clearly visible in the

nanorod area with high contrast.
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Figure 2.22 Schematic drawing of EDX process and an example of GaN STEM/EDX map:
(a) X-ray emission process when high energy electrons impinge on the sample. (b) STEM

image and EDX map of Ga element using JEOL ARM 200F.

2.3.5 Cathodoluminescence

Cathodoluminescence (CL) is a photon emission process caused by electron beam
irradiation on a sample. Under electron beam irradiation, free carriers are generated by
promoting the electrons from the valence band to the conduction band. Then the excited
electrons recombine with holes and emit photons through a radiative recombination
process.

A schematic drawing of the collection section of a CL system, which is usually
housed in a scanning electron microscope, is shown in figure 2.23 (a). The electron
beam passes through an aperture in the parabolic mirror and impinged on the sample.
Photons generated are focused and reflected by the mirror into a spectrometer-detector
system that could switch between parallel mode (charge-coupled device) and
monochromatic mode (photomultiplier). When conducting the spatial resolved CL, the
parallel mode collects a full CL spectrum at each pixel of the imaging area, while the

monochromatic mode only collects a greyscale image
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Figure 2.23 Schematic drawings and photo of a CL system: (a) Schematic drawing and (b)
photograph of the collection section of a CL system. (c) Schematic drawing of a CL system

with the parabolic mirror for light collection (adapted from [116]).

Compared with other luminescence techniques such as PL, CL has several
advantages such as (i) high spatial resolution. The spatial resolution (<50 nm) of CL is
much higher than PL (<200 nm), which offers the opportunity to link the optical
properties of the nanostructure with its morphology and composition. Furthermore, by
combining CL imaging with SEM imaging, the spatial location of luminescence could
be mapped to provide spatial-spectral information. (ii) Application in large bandgap
materials. The electron beam could excite electrons in large bandgap materials (Eg > 6
eV) which are not easily accessible by lasers in the PL technique. (iii) Control the depth
of excitation. The electron beam in SEM could be tuned from 1 to 30 kV that offers
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depth information from tens to a few hundred nanometers based on the material
property. The equipment used in this thesis is FEI Verios 460 SEM equipped with a
Gatan MonoCL4 Elite cathodoluminescence (CL) detector.

2.3.6 Transmission electron microscopy
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Figure 2.24 Schematic drawings of the imaging system in TEM: (a) Schematic drawing of the
main components in a TEM. (b, ¢)Electron beam paths to form diffraction patterns (b) and

imaging (c¢) in TEM.

Transmission electron microscopy (TEM) mostly used transmitted electrons and
diffracted electrons for imaging. Furthermore, by increasing the electron beam energy
(100-300 kV), higher magnification can be achieved which allows the imaging of the
atomic planes, and crystalline defects in the sample. TEM in this thesis was performed
using a JOEL 2100F in the center of microscopy at ANU.

The TEM contains an electron gun, a set of condenser lens, objective lens,
intermediate lens and projector lens, and a fluorescent screen (figure 2.24 a). Two basic
operations of TEM include diffraction mode (figure 2.24 b) and imaging mode (figure
2.24 ¢). In diffraction mode, the selective area diffraction (SAD) aperture is inserted
and projector lens is used to select the back focal plane of the intermediate lens as the

object. The diffraction patterns are then projected onto the screen. The diffraction spots
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represent the inter-plane spacing of different atomic planes, which helps to determine
the crystal phases such as zinc-blende and wurtzite structure. In imaging mode, the
objective aperture is inserted and the projector lens is used to select the image plane of
the objective lens as the object. By using the objective aperture to select the transmitted

beam or diffracted beam, imaging mode could be switched between bright field and
dark field.

2.3.7 Scanning transmission electron microscope

In this thesis, apart from traditional TEM, we additionally used an aberration-corrected
scanning transmission electron microscope (STEM) with a sub-Angstrom resolution to
determine the polarity of the GaN nanorods.

Compared with conventional TEM, STEM is equipped with a scanning coil and
detector. The beam in STEM is focused into a fine probe that scans over the sample in
a raster pattern. The detector collects the scattered electrons and the images are formed
by plotting the electron intensity as a function of the probe position. Because of the
extremely thin sample used in the system, the spatial resolution is controlled by the size
of the probes. The probe size is able to reach below the interatomic spacings in many
materials. To form a small and intense probe, field emission guns are used as electron
sources such as the cold field-emission gun or the Schottky thermally assisted field-

emission gun [117].

Aperture

l Disc of least ¢ z i Gaussian focus
confusion i : plane

Figure 2.25 Schematic drawing of the effect of spherical aberration in a geometrical optics

view (adapted from [117]).

The size of the probe is also affected by inherent aberrations, such as chromatic and
spherical aberrations. As shown in figure 2.25, the beam is supposed to focused at the
Gaussian plane, but spherical aberration would cause an overfocusing of the high angle

rays. The distance is proportional to the ray’s cube angle and the proportionality
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constant is Cs. To correct the aberrations in the lenses, special lenses are used to provide
negative spherical aberrations. Nowadays, the aberration correctors with multipole and
additional windings could diagnose and rapidly correct the aberrations by adjusting the
multipole power supplies.

Several different detectors could be equipped on STEM such as electron energy
EELS, EDX, annual dark-field imaging, and annular bright-field (ABF) imaging. Under
the ABF imaging mode, the atomic ‘dumb-bells’ could be distinguished based on the
atomic number (Z) contrast. Compared with other methods such as Kelvin probe force
microscopy (KPFM), and CBED, the advantages of this method include high accuracy
and the areas of interest could be examined more precisely down to high spatial
resolution. The STEM imaging in this thesis was conducted in the University of

Wollongong using a JEOL ARM 200F.
2.3.8 Focused ion beam for TEM sample preparation

TEM sample preparation methods are usually chosen based on the types of samples,
sample size, and area of interest. Nanorods with a diameter less than 200 nm have good
electron beam transparency, so they could be directly transferred onto the carbon-coated
copper grid. For nanorods with larger diameters, lamella is required and can be prepared
by the focused ion beam (FIB).

FIB milling is a technique that selectively thins down a target region of the sample
with desired shapes while monitoring and controlling the milling region by SEM. Here
we used a FEI Helios 600 Nanolab dual-beam FIB/SEM system equipped with an
electron beam column (direct monitoring) and a liquid Ga ion beam column (milling).
A schematic drawing of the dual-beam column and chamber is shown in figure 2.26 (a)
[118]. The angle between the two columns is 52°, so the sample stage needs to be raised
to an eucentric point (a height that field of view is maintained when tilting) where the

two beams cross and the sample is tilted to achieve desired beam incidence angle.
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Figure 2.26 Schematic drawings of a dual FIB-SEM system and related-process: (a) Schematic
drawing of a dual-beam FIB-SEM system. An enlarged view shows the interaction between
the two beam sources and the sample (adapted from [118]). (b-d) Schematic illustration of ion

beam imaging, milling, and deposition process (adapted from [119]).

The imaging, milling, and deposition capability of the FIB system are illustrated in
figure 2.26 (b) to (d). As shown in figure 2.26 (c), arbitrary shapes could be milled by
scanning the ion beam over the sample. The ion beam assisted deposition process is
illustrated in figure 2.26 (d), where both metal (Pt, Au) and insulator material (SiO)
could be deposited. A gas nozzle is inserted into the chamber to inject precursors onto
the surface. Then, the ion beam decomposes the precursors into the desired deposition
layer and the volatile reaction materials are removed from the chamber at the same time.
The deposited layer also contains C and Ga because of the organic precursors and Ga
ion beam used in the process.

The detailed procedure for the preparation of a nanorod lamella in FIB is illustrated
in figure 2.27. Firstly, the nanorod is transferred onto a conductive substrate and the
area of interest is marked as a guide for cutting (figure 2.27 a). Then, a Pt layer is in-

situ deposited over the nanorod to avoid the milling of the target region. Next, the
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surrounding of the nanorod is milled in a staircase-like profile as shown in figure 2.27
b with a 30 kV Ga ion-beam to prepare a section of a thickness of a few um or less. For
in-situ TEM sample preparation, the thin section is first welded onto a manipulator and
then welded onto the half-ring TEM grid (figure 2.27 ¢) for finally thinning down.
Finally, the fixed specimen is milled with a Ga ion beam at a lower accelerating voltage
of about 5-15 kV (for decreasing damages to the specimen) to create a lamella around
50 to 80 nm that is suitable for high-resolution TEM and STEM imaging.

There are challenges in FIB lamella preparation, such as Ga-ion implantation during
the milling process. The implanted Ga-ions under high voltage (30 kV) could leave a
thin ‘dead layer’ on the surface of the sample, or crystalline sample could become
defective or amorphous due to ion bombardment. To remove the ‘dead layer’, typically

a low-voltage (5 kV) cleaning process is used after the main milling process.
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Figure 2.27 Schematic drawings, photo and SEM images of the FIB-lamella preparation
process: (a-¢) Schematic illustration for nanorod FIB-lamella process. a: A nanorod lying down
on the substrate with two ‘X’ markers made by FIB; b: Coating a Pt layer for protection; c:
Roughly milling the surroundings of the target area with Ga ion-beam to prepare a section; d:
Fix a section onto the TEM grid (inset: enlarged lamella area); e: Fine milling to thinning the
lamella (thickness: 10 to 100 nm). (f) The milled sample is mounted on a half-ring holder after
in-situ lift-out. (g) SEM image for a lamella sample before fine milling. (h) the SEM image of

the sample shown in figure g before fine milling.
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2.3.9 Nanoscale secondary ion mass spectrometry

Secondary ion mass spectrometry is a technique that uses ion beams to bombard the
sample surface to extract secondary ions for analysis. The technique of nanoscale
secondary ion mass spectrometry (nano-SIMS) is a technique based on the SIMS using
chemical imaging mass spectrometer to reach the nanoscale resolution of the sample
[120].

The ion bombardment process [121] is illustrated in figure 2.28 where the elastic
and inelastic collision would lead to the ejection of a variety of radiation and particles
including electrons, neutral/ionized atoms, molecules, and clusters. Apart from the
original chemical composition of the sample, the composition of the ejected particle
flux could be affected by the oxygen or other electronegative atoms adsorbed or
incorporated on the surface of the sample [122].

In nano-SIMS, the continuous ion beam bombardment sputters the sample surface
and consequent secondary ions are ejected [120]. The secondary ions are first sorted
inside an electrostatic sector based on their energy level. Then in the mass spectrometer,
they would be separated physically under the Lorentz force induced by the magnetic

field based on different mass-to-charge ratios [123].

& IoN

REFLECTED
(NEUTRALIZED) IONS

COLLISION
CASCADE
RS
\ NEUTRAL TARGET
ATOMS ( 80-95%)

EMITTED TARGET IONS (<1%)

ELECTRONS

Q“fxcngo ATOMS (<19%)
&)a USTER (5-20%)

ADATOM

@0 @

Figure 2.28 Schematic drawing of the ion bombardment process at a metal surface. The
percentage values are given under approximate contributions on a clean metal surface (adapted

from [121]).

The schematic illustration of the Cameca Nano-SIMS machine used in this thesis is
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shown in figure 2.29 where two reactive ion-sources, Cs" and O~ are used. The
resolution is around 50 nm using the Cs" beam and 150 nm for the O~ beam. A co-axial
design of the primary beam and the secondary beam is used to achieve smaller beam
sizes and higher collecting efficiency. Using Cs" as primary ions would enhance the
ionization yield of electro-negative elements (such as H, C, O, N, F, Cl) compared with
non-reactive species (such as Ga and Au). The Cameca Nano-SIMS 50/50L machine is
equipped with 5 to 7 detectors to acquire 5 to 7 mass maps in parallel and has the
capability for high mass resolution and isotopic identification.

Nano-SIMS possesses many merits [124] making it suitable for analyzing the
chemical composition of micro- and nano-scale materials such as (i) Large analytical
range covering the whole periodic table (starting from hydrogen) and high sensitivity
down to parts per billion level. (ii) Variable depth resolution by changing ion-beam
energy, which makes three-dimension compositional maps possible. (iii) Different
sputtering ions (Cs", O, etc.) for different purposes and could be focused into a fine
ion-beam to conduct analysis on a small material volume. These characteristics make it
widely used in the research of thin films and nanomaterials to investigate doping and
impurities concentration, crystallographic information, and phase separation [124]. The
nano-SIMS could be also combined with TEM for the correlated mineralogic and
isotopic studies at the sub-micrometer scale. However, nano-SIMS is a destructive
measurement, the target area would be seriously damaged after the analysis. Also, it is
only qualitative to semi-qualitative and to determine the absolute concentration of the

various elements and impurities in the material, reference targets are required [124].
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Figure 2.29 Schematic drawing of the Cameca Nano-SIMS 50/50L machine (adapted from
[125]).
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Chapter 3

Growth of GaN nanorods

3.1 Introduction

GaN-based nanorods, due to their direct and tuneable bandgap, have wide applications
in optoelectronic devices. GaN nanorods grown by metalorganic chemical vapour
deposition (MOCVD) have been achieved by catalyst-assisted growth [1-3], selective-
area growth [4-7], and self-assembled growth [8-15]. However, in the catalyst-assisted
growth, the introduction of the metal catalyst may cause contamination which would
degrade device performance [8]. On the other hand, in selective area growth, the
fabrication of the dielectric mask is complicated and time-consuming. Therefore, self-
assembled nanorod growth is considered an optimal method due to its catalyst-free and
minimal substrate preparation requirements. This approach already has already been
shown for device applications that do not demand precise positionings, such as single
nanorod LEDs [9] and flexible nanorod LED arrays [10, 11].

In this chapter, we study wafer-scale, self-assembled growth of GaN nanorods, in
particular the effects of pre-growth and growth conditions. The experiment details are
described in section 3.2. The nitridation treatment before growth is discussed in section
3.3. We found nitridation has a large effect on the morphology, polarity, and optical
properties of the GaN nanorods. The study of growth parameters including silane
injection rate, growth temperature, and growth time are discussed in section 3.4. The

summary of this chapter is in section 3.5.
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3.2 Experiments
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Figure 3.1 Illustration for the self-assembled growth of nanorods used in the work.

IV. Growth initiation

The GaN self-assembled nanorods were grown on (0001) sapphire substrates in an
Aixtron MOCVD closed-coupled showerhead system. The growth process is illustrated
in figure 3.1, where ammonia (NHs), trimethylgallium (TMGa), and silane (SiH4) were
used as the nitrogen, gallium, and n-type dopant sources, respectively. The chamber
pressure was maintained at 200 mbar with 120000 sccm total gas injection. (i). Prior to
growth, a 20-minute substrate baking was performed under H; flow at 1050<C for
surface decontamination. (ii). After thermal baking, nitridation was conducted for 300s
using an NHz flow of 3000 sccm at the same temperature. (iii). Just prior to the
commencement of growth, the carrier gas was switched from Hz to an H2/N2 mixture
with a ratio of 2:1 to achieve a higher vertical growth rate [16]. (iv). A 10 seconds
initiation stage was used to start the growth through simultaneous injection of TMGa
(13.65 mmol/min) and NH3z (25 sccm) at 1050<C. (v). Subsequently, the growth
continued for a further 300 s with a reduced NHz flow of 15 sccm and 200 nmol/min of
SiH4 flow. SiH4 was required to promote vertical growth by forming a SiNy layer on
the nanorod sidewalls [17]. It should be noted that the V/III ratio (/111 =5) used here

was very low compared with conventional planar growth.
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The morphology of the nanorods was investigated using a FEI Helios 600 Nanolab
scanning electron microscope (SEM). The crystal structure and polarity were
investigated in aberration-corrected scanning transmission electron microscopy (STEM)
using a JEOL ARM 200F. Nanorod lamellae were prepared for the TEM experiment by
FIB as described in Chapter 2. The nanorod optical properties were examined through
high-resolution cathodoluminescence (CL) spectroscopy using a FEI Verios 460 SEM
equipped with a Gatan MonoCL4 Elite system.

3.3 Studies of surface nitridation

In planar GaN epitaxy on sapphire, nitridation and specialised buffer layer growth are
developed to control the polarity of the film [12, 13]. During nitridation, ammonia
reacts with sapphire such that nitrogen atoms diffuse into the surface of the sapphire
substrate to form a thin AlxNyO; layer and may also convert the polarity of the substrate
[14]. Subsequently, a thin GaN or AIN buffer layer can be successfully grown on it.
The polarity of the GaN topmost layer is decided both by nitridation parameters and
buffer layer growth parameters: a low growth temperature helps the layer maintain
group Ill-polar surface adopted from the AIxNyO. layer; while a high growth
temperature may lead to decomposition of AlxNyO, and result in N-polar film [15].
Without incorporating a proper nitridation process during epitaxy, the resulting film has
a rough morphology, high defect densities, and polarity inversion domains [18-21].
However, the effects of nitridation are not well understood in the growth of
nanostructures which happen to be more sensitive to polarity due to their size [22, 23].
To date, only a few reports studied the nitridation effects on morphology, band edge,
and yellow emission properties [24]. Its effects on polarity are still unclear. To fully
understand the effects of nitridation on GaN nanorods, this section presents a detailed
study on how the different duration of nitridation gradually changes the morphology
and related optical properties. We found that nitridation plays a strong role in
determining the polarity of the nanorods and an appropriate nitridation also improves

their structural and optical properties.
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3.3.1 Nitridation effects on crystal morphology

/

Figure 3.2 (a-g) 45° SEM images of samples with nitridation time ranging from 0 to 600 s.

The nanorod morphology changes from pointed to flat tops with increasing nitridation time.

Figure 3.2 shows the SEM images of the GaN nanorods grown with nitridation duration
from 0 to 600 s. With increasing nitridation time, both the nanorod morphology and
size change dramatically. In samples with shorter nitridation times (figure 3.2 a and b),
most nanorods have a pyramidal-top, whereas for samples that have been nitridated for
longer times (figure 3.2 f and g), regular flat tops become dominant. The diameter of
the nanorod is not consistent in the short nitridated sample that both very small and
large diameter nanorods coexist, while in the longer nitridated sample, the diameter
distribution is more uniform. This morphology transformation could be attributed to
changes in polarity [25]. It has been commonly reported that pointed tops in nanorods
are attributed to Ga-polar growth while flat tops are related to N-polar growth. It is also
interesting to note that some nanorods have a combination of both pointed and flat tops
in the sample grown with short nitridation time (figure 3.2 d), an indication that they
may be mixed polarity.
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Figure 3.3 Statistical studies of nanorod morphology with varied nitridation durations: (a, b)
Scatter plots showing nanorod length vs. diameter for the non-nitridated and nitridated samples,
respectively. (¢, d) Histogram distribution of nanorod length and diameter with different
nitridation duration, respectively. (¢) Histogram showing the percentage of nanorods with
different diameters for various nitridation times. (f) Plot of sapphire surface coverage with

nitridation time.

A statistical study of nanorod morphology was conducted to better appreciate the
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results found from the SEM images. The scatter plots of both non-nitridated and
nitridated samples are shown in figure 3.3 (a) and (b). The nanorod diameter and length
are not correlated, i.e. thinner nanorods are not significantly taller. This suggests that
the growth of nanorods under these growth conditions are not within a diffusion-limited
regime where diameter and length are inversely correlated [26].

The histogram of nanorod diameter and length are shown in figure 3.3 (c¢) and (d),
respectively. As the nitridation time increases, the nanorod length becomes shorter with
narrower FWHM, whereas the diameter becomes larger. This trend is clearer when we
classify them into three diameter groups. As shown in figure 3.3 (e), mostly thin rods
(D<110 nm) are formed at shorter nitridation time (15 s), and shift to mid-size
(110<D<350 nm) around 30-45 s, and finally only large diameter rods (D>350 nm)
appear after 300 s of nitridation time. We also found at longer nitridation time, GaN
crystals cover larger areas of the substrate surface (figure 3.3 f). The expansion in
diameter and surface coverage could be related to the AlxNyO, layer, which could

reduce the interfacial energy and lattice mismatch between the substrate and nanorod.
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3.3.2 Nitridation effects on polarity

Non-nitridated

Nitridated (300s)

Figure 3.4 Polarity determination of nitridated and non-nitridated samples using Cs-corrected
TEM: (a) STEM image of nanorods 1 and 2 from the non-nitridated sample. (b) STEM image
of nanorod 1. (c, d) High magnification annular bright-field image at the top and bottom part
of nanorod 1. An asymmetric atomic dumb-bell image reveals the larger Ga atoms on top of
the double atom layers (Ga-polar). (¢) STEM image of nanorod 2 with a pronounced lateral
growth at the base region. (f) High magnification annular bright-field image of the main body
region of nanorod 2 (indicated by the right red square in figure ¢) demonstrating N-polarity. (g)
The lateral section of nanorod 2 (indicated by the left red square in figure ¢) demonstrating Ga-

polarity. (h) STEM image of nanorod 3 (nitridated sample). (i) High magnification annular
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bright-field image of nanorod 3 showing N-polarity. All STEM images are all taken along the
GaN [11-20] zone axis.

To investigate the effect of nitridation on polarity, we examined several nanorods using
Cs-corrected TEM. For the non-nitridated sample, the TEM lamella contains two
nanorods that are in close proximity to each other. For nanorod 1 (NR1), both the tip
and base are Ga-polar, as shown by the atomic dumbbells [27] in figure 3.4 (c) and (d).
For nanorod 2 (NR2), the middle part is N-polar (figure 3.4 f), but the staircase-like
footage region is Ga-polar (figure 3.4 g). These results show that without nitridation
two types of nanorods may form: Ga-polar and mixed polarity. Nanorods that nucleate
directly on the substrate would be Ga-polar, which is consistent with other reports [24,
28]. For mixed polarity nanorods, the Ga-polar domains nucleate directly on sapphire
while the N-polar domains on the partially nitridated surface, which could be due to the
supply of NHz during the growth that might still react with the sapphire substrate to
form AlxNyO; layer even at a small flow rate (15 sccm). The AlxNyO; layer is not stable
at high temperatures and would be converted into N-polar with Al-N bonds [15]. If the
two domains with opposite polarity are in close proximity to each other, then with
continuous growth, they would coalesce and form the mixed-polarity nanorod.

In contrast, for nanorod 3 (figure 3.4 /) that is nitridated for 300 s, no inversion
domain is found. The atomic dumbbell images of this nanorod are shown in Figure 3.4
(1), indicating N-polarity, which is consistent with other reports that nanorod polarity

after nitridation is N-polar [24].
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3.3.3 Cathodoluminescence results

Figure 3.5 (a-g) 45° SEM and corresponding panchromatic CL images of nanorods grown on

sapphire substrate with various nitridation time from 0 to 600s.

The introduction of the nitridation step also improves the nanorod optical properties.
As shown in figure 3.5, the CL distribution of the nanorod has changed from non-
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uniform to uniform luminescence with longer nitridation time. In a non-nitridated
sample (figure 3.5 a), several facets are bright, while other facets are partially bright
with irregular dark areas, and an indication that non-radiative defects are present. This
non-uniform luminescence distribution persists in short nitridation time samples (t < 45

s), and largely improved in longer nitridation time samples (300- 600 s).

Figure 3.6 (a-c) 45° SEM, corresponding panchromatic CL, and RGB color filtered images of

samples grown with 20 s nitridation time. (d-i) SEM and panchromatic CL images of a nanorod
(indicated in red square in figure 3.6 a) viewed from different rotation angles ranging from 0

to 300 °.

In order to be able to image other facets, we rotate the samples to view the CL images
from different directions. The images of a nanorod from the sample grown with 20 s
nitridation duration are shown in figure 3.6 rotated from 0 to 300°. The colour filtered
images show that the luminescence from the nanorod is mainly near-band emission and

yellow luminescence. At 0°, the facet on the right side of the nanorod shows a lack of
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luminescence (figure 3.6 d). With a continual 60° rotation so that we can image all the
side facets, it is clear from figure 3.6 (d) to (i) that two of the six sidewalls do not have
any luminescence. The top regions of these two facets are also non-luminescent and
from these images, there is no clear relationship between these dark areas and specific
crystal facets. The rotated CL imaging can be used in constructing a 3D CL distribution
of the nanorod, which can further help to illustrate the optical properties of the single

nanorod.

Non-nitridated Nitridated (300s)

Single nanorod mapping Single nanorod mapping

(c) (f)
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Figure 3.7 Optical properties of (a-c) a non-nitridated nanorod and (d-f) a 300 s nitridated
nanorod. (a, d) SEM image of a single nanorod. (b, €) Panchromatic CL image of figure a and
d, respectively. (c, f) CL spectra extracted from the two spots of each sample indicated in figure

aand d.

A detailed optical properties comparison between nitridated and non-nitridated
sample are shown in figure 3.7. For the non-nitridated sample (figure 3.7 b), the
luminescence signal is unevenly distributed and some parts of the nanorods have no
luminescence (figure 3.7 a, spot 2). The luminescence from the bottom end of the
nanorod (figure 3.7 a, spot 1) is dominated by strong yellow luminescence centered
around 600 nm, and no visible near band edge emission is observed. The lack of band

edge emission could be related to enhanced carbon impurity incorporation during the
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growth [29]. The deterioration of the optical property is also found on certain sidewalls
(such as spot 2 shown in figure 3.7 a), where there is a complete lack of luminescence.
This could be related to enhanced incorporation of impurities [29] or point defects that
act as non-radiative recombination centers. However, more work is required to

conclusively address this issue.

Nitridated (300s)

Break in middle NR bottom

Non-nitridated

Break in middle

NR bottom

Figure 3.8 SEM and panchromatic CL images focused at the middle/bottom areas of both non-
nitridated and 300 s nitridated samples. (a) SEM and panchromatic CL images of a nitridated
nanorod cleaved along its length, revealing homogenous luminescence inside. (b) The bottom
part of a nitridated nanorod showing homogenous luminescence, except at the bottom corners.
The dotted line is a guide indicating the nanorod shape. (¢) SEM image, panchromatic CL
image, and integrated CL image using RGB filters of a non-nitridated nanorod cleaved along

its length. The middle section of the nanorod (indicated by the black arrow) has no
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luminescence surrounded by a region with relatively bright luminescence (indicated by the
white arrow). (d, e) CL images of a non-nitridated nanorod, showing pronounced lateral growth
facets resulting in facets with a range of different contrast. The white arrow indicates the

defective nucleation area.

After a 300 s nitridation treatment, the panchromatic image of a single nanorod
(figure 3.7 e) shows a homogenous luminescence along the nanorod length, except for
a small region at the bottom of the nanorod that shows a patterned-like emission which
will be discussed in the next chapter. From the spectra in figure 3.7 (f), we see that near
band edge emission is enhanced along the nanorod, indicating an improvement in the
crystal quality. Although yellow luminescence is still visible, its relative intensity
compared to near band edge emission is reduced. Fluctuations observed in the spectra
could be related to either whispering gallery or Fabry-Pérot modes supported in the
nanorod, but overall, the spectra highlight an improvement in nanorod optical
properties and uniformity.

To further understand the origin of the non-uniform CL signal from the non-
nitridated sample, we conducted the CL imaging on nanorod cross-sections. Commonly
for CL characterization [30], we only observe regions near the surface, which provide
limited information related to growth. However, if we capture the CL images of the
nanorod cross-sections, they can provide spatially-resolved information about the
nucleation and growth. Nanorod cross-sections (figure 3.8 a and ¢) were prepared by
cleaving the wafer using a diamond scriber.

For the 300 s nitridated sample, a nanorod that has been split from cleaving (figure
3.8 a) shows homogenous luminescence at both the exterior and interior, further
suggesting its superior optical properties and high crystalline quality due to the
nitridation process. The base of the rod also shows dark corners typical of the nitridated
samples (figure 3.8 b) that will be discussed in chapter 4.

For the non-nitridated nanorod, as shown in figure 3.8 (¢), we found an absence of
luminescence from the split cross-section both inside the rod and at the surface, except
for the region near the base. We attributed the dimmer CL region in the middle of the
nanorod (indicated by the black arrow) to unfavorable nanorod nucleation directly on
the sapphire, which leads to a higher density of defects which act as non-radiative
recombination centers. The surrounding part of the rod (indicated by a white arrow in

the middle image) shows strong yellow luminescence (as shown by the left image in
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figure 3.8 ¢), clearly indicating a much-improved quality compared with the middle
region of the nanorod. The formation of this part is related to radial growth, but the
reason for its incomplete coverage over the nanorod is still unknown. The expansion of
the dark-region towards the top of the nanorod also shows how the initial nucleation
can affect the nanorod quality even much later in growth.

The base of other nanorods from the same sample (figure 3.8 d and e) shows a
growth-ring-like distribution of luminescence or a spider web-like luminescence
contrast, which may be related to faceting or polarity change resulting from radial
growth. It is possible that the defective center at the base (indicated by the white arrow)
starts off as the nucleation site. The non-uniform luminescence of this cross-section also
coincides with the mixed-polarity phenomenon found in TEM analysis and inversion
domains may form due to multiple or non-uniform radial growth. We postulate that
nitridation affects the early stages of nucleation, which has dramatic influence on
subsequent growth of the nanorod and its structural and optical properties. Without a
proper pre-growth treatment, nucleation results in poor luminescence both at the inner

and outer part of the nanorod.

Non-nitridated
Before FIB After FIB

Nitridated (300s)
Before FIB After FIB

"

Figure 3.9 SEM and panchromatic CL images of the nanorod cross-sections sliced by FIB: (a,

b) SEM and corresponding panchromatic CL of a non-nitridated nanorod before and after FIB
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milling. The milling section was along the growth direction indicated by the red rectangle. (c,
d) SEM and corresponding panchromatic CL of a nitridated nanorod before and FIB milling
along the growth direction (red dash rectangle).

Another way to split the nanorod instead of the more random way of cleaving is
through FIB milling, which will also result in more accurate control of the cleaving
position. As shown in figure 3.9 (a), the non-nitridated nanorod has a pencil-like shape
while the luminescence is only observed at the bottom part of the nanorod. After milling
(figure 3.9 b), we found the luminescence is only at the surface, while the core of this
nanorod is dark. In contrast, for the 300 s nitridated sample, the luminescence is
homogenous both at the surface and in the nanorod core as shown in figure 3.9 (d), after
milling to expose this region. Results from FIB milling corroborate that the nitridation

helps to improve the optical properties of the nanorods.
3.3.4 Summary on nitridation

In conclusion, we have studied the influence of nitridation time on the morphology,
optical properties, and polarity of GaN nanorods. With appropriate nitridation, the
nanorod morphology transforms from a pyramidal top to a flat top accompanied by
increased GaN surface coverage of the substrate. We found that mixed polarity exists
in non-nitridated samples, while the nitridated nanorods have N-polarity. Nitridation
process also improves the optical properties of the nanorods, where non-nitridated
samples show non-luminescing regions and non-uniform yellow luminescence. With
increasing nitridation time, a homogenous luminescence distribution with a strong near
band edge emission could be observed from the nanorods. We also examined the cross-
section of the nanorods and found that luminescence from the nitridated sample is
homogenous at both their exterior and interior, while the non-nitridated ones have a
non-luminous core region.

We have shown nitridation is a necessary pre-treatment for the growth of self-
assembled GaN nanorods on sapphire substrates in terms of controlling their

morphology, polarity, and improving their optical quality.

3.4 Studies of growth parameter

In this section, we investigate the effect of growth parameters (i.e. silane co-injection,

growth temperature, and growth time) on the formation of the GaN nanorods. In all
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cases, the nitridation time of 300 s was used as our results above indicate that it is the

optimum condition for forming a good density of nanorods with excellent morphology.
3.4.1 Effect of silane co-injection

No silane 100 nmol/min

Figure 3.10 (a-d) SEM images of GaN nanorods grown with different silane co-injection flow

rates ranging from 0 to 500 nmol/min.

As reported by several groups, silane injection could promote vertical growth [16, 17,
31] and enhance the thermal stability of nanorod by forming a SiNx layer on the sidewall
[32-34]. In this section, we investigate the co-injection of silane during the growth of
GaN nanorods.

Silane was injected into the growth chamber simultaneously with TMGa and NH.
As shown in figure 3.10 (a), without silane injection, GaN crystallized into irregular
round shapes, rather than hexagonal shapes. Without silane injection, no vertical grown
nanorod is achieved. With increasing silane flow (100-200 nmol/min), the nanorods
gradually take shape and become longer. This is consistent with the finding of Tessarek
et al. [17] that a small flux of Si would induce a dramatic change in the nanorod
morphology. During the growth, Si reacts with N to form a thin SiNx layer on the

nanorod sidewall that acts as anti-surfactant and restricted the lateral growth [35].
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However, at a silane flow rate of 500 nmol/min, the density of nanorod becomes less
and diameters increase. This could be related to SiNx formed on the sapphire substrate
enhances the mobility of Ga atoms that lead to a larger diameter and less density [17].
The optimum flow of silane of 200 nmol/min during growth results in a good density
of nanorods and is used in the next section when investigating the effect of growth

temperature and time.

3.4.2 Effect of growth temperature
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Figure 3.11 SEM images and statistical study of nanorods with different growth temperatures:
(a-c) SEM images of the GaN nanorods showing the effect of growth temperature. (d) A scatter

plot of nanorod height versus diameter grown at two different temperatures (1092 and 1012 °C).

Growth temperature is known to affect the growth of GaN nanorods in terms of their
morphology, crystal quality and optoelectronic properties. At low temperature
(1012 °C), nanorods are not formed and nucleation appears in an irregular fashion
(figure 3.11 a). At this temperature, even with silane injection (200 nmol/min), the
lateral expansion rates of the nanorods exceed their vertical growth rates and a large
area of coalescence between the neighboring islands could be observed. At 1052 °C, a
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good density of nanorods with excellent morphology are formed (figure 3.11 b).
However, when the temperature is increased further to 1096 °C, the nanorod density is
reduced followed by the formation of larger diameter nanorods (figure 3.11 c).

A statistical study of the height and diameters of the nanorods grown at 1052 and
1096 °C is shown in figure 3.11 (d). Only nanorods with heights > 300 nm are
considered here. With increasing growth temperature, the nanorod diameter increases
dramatically, which is consistent with a previous report [36] due to the increase in
surface migration rate of adatoms, thereby leading to the easier formation of nanorods
and also nanorods with larger diameters [37]. At the same time, adatom desorption rate
is also increased with increasing growth temperature, which can lead to a lower density
of nanorods. The temperature-dependent experiment shows that the nanorod growth
window is relatively narrow, and a £ 40 °C difference from the optimum growth

temperature can have a great impact on the nanorod morphology and density.

3.4.3 Effect of growth time
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Figure 3.12 SEM images and statistical study of nanorods with different growth times: (a-d)
SEM images of the GaN nanorods showing the effect of growth time. (¢) Histogram showing

the percentage of nanorods with different lengths for various growth times.
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Figure 3.12 shows the SEM images and statistical studies of GaN nanorods with
increasing growth time from 60 to 600 s. The diameter of the nanorods remains similar
in all the cases studied here and a large proportion of the nanorods remains short. This
trend is clearer when we classify the nanorods into three length groups. As shown in
figure 3.12 (e), only short nanorods (L<400 nm) are formed at short growth time (60 s)
and this proportion drops to 65%-75% with increasing growth time. This high
proportion of short nanorods may relate to the difference in nucleation time for each
nucleus. The density of medium-height nanorods (400 <L<1000 nm) peaks at 150 s of
growth time with 32% of these nanorods falling into this region. At longer growth time
(300 to 600 s), this number decreases to 9%. The proportion of taller nanorods (L>1000
nm) increases from 3% (150 s) to 26% (600 s). At 600 s growth, the nanorods can reach
a height of over 5.5 um indicating a high growth speed of this type of nanorod.

No obvious tapering is found in the nanorods with increasing growth time. The
diameter of nanorods remains constant from top to bottom. This result is different from
some reports [36, 38], where the diameter of the top area expands with increasing
growth duration. The authors attributed this tapering phenomenon to Ga accumulation

at the top surface [36], which is not observed in our growth.

3.5 Summary

In this chapter, we have investigated the effects of both the pre-growth and growth
parameters on the growth of self-assembled GaN nanorods. Pre-growth nitridation of
the sapphire substrate by flowing NHs plays an important role in improving the
morphology, polarity, and optical properties of the nanorods. During the nanorod
growth, silane co-injection is necessary for promoting the vertical growth, and a narrow
window of growth temperature (+ 40 °C) is found to achieve nanorods with uniform

morphology and high density.
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Chapter 4

Rosette-shaped
cathodoluminescence pattern in

GaN nanostructures

4.1 Introduction

In chapter 3, we achieved unipolar self-assembled GaN nanorods by controlling their
pre-growth and growth parameters. In this chapter, we continue to study the optical
properties of GaN nanorods and explore the origin of their defect emission peak.
Understanding the optical properties of defects and minimizing their influence on
devices are extremely important. In GaN and related materials, defect-related optical
processes, such as non-radiative recombination centers and yellow luminescence (YL),
would compete with the near-bandgap emission (NBE) for carrier recombination path
[1-3], which could in turn reduces the device efficiency.

Non-radiative recombination in GaN has been attributed to Shockley-Read-Hall
(SRH) and Auger recombination [4]. In contrast, there is still no consensus on the
chemical origins of YL. It has been attributed to point defects [2, 5-7], threading
dislocations [3, 8], grain boundaries [3], Ga vacancies [1, 2, 9, 10] or impurities
incorporation such as carbon [9, 11-14], silicon [1, 10, 15-17] and oxygen [18, 19]. The
studies in GaN nanorods may yet bring another opportunity to understand the origin
[20] and spatial distribution of these defect-related optical processes. Thanks to the
dislocation bending and filtering effects in nanostructures, the influence of threading
dislocations and grain boundaries can be minimized [21, 22]. The unique 3D geometry
of nanostructures also allows simultaneous investigation of the defect-related optical
processes on both polar and non-polar planes.

For non-radiative defects, C. Zhao et al. [23] found that SRH recombination could
be effectively suppressed by organic sulfide passivation in InGaN/GaN disk-in-
nanowire LEDs grown on silicon. Several research groups have revealed that YL in

nanorods is surface-related. Li et al. [24] have shown that the YL is mostly distributed
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on the surface layer in [112 0] oriented nanowires with a triangular cross-section and is
attributed to point defects, such as isolated Ga vacancies incorporated during growth.
Huang et al. [25] proposed a size-related surface ‘microwire’ theory through first-
principles calculations and attributed YL to gallium vacancies and carbon-related
defects on the nanowire surface.

In this chapter, we investigated an intriguing rosette-shaped pattern through
cathodoluminescence (CL) imaging at the early stages of GaN nanorod growth. This
phenomenon is prevalent in the nanostructures and not affected by nanorod geometry,
symmetry or size, but related to the origin of the defect-related optical process. We
performed detailed investigations by CL, aberration-corrected scanning transmission
electron microscopy (Cs-corrected STEM), and nanoscale secondary ion mass
spectrometry (nano-SIMS). Detailed CL spatial imaging and spectral analysis will be
discussed in section 4.3. The investigation of optical resonance modes and polarity
inversion boundaries will be discussed in section 4.4 and section 4.5, respectively. We
will discuss the strain distribution and chemical elements identification in section 4.6
and section 4.7, respectively. In section 4.8, we will present a growth model of the self-
assembled GaN nanorod based on the correlation between defects distribution and CL

pattern evolution. The summary of this chapter is in section 4.9.

4.2 Experiment

We conducted the growths of the GaN nanostructures on (0001) sapphire substrate in
an Aixtron MOCVD close-coupled showerhead system. The detailed growth procedure
was discussed in chapter 3. Briefly, growth was initiated with a 10 s nucleation stage at
1050 °C where trimethylgallium (13.65 mmol/min) and NH3 (25 sccm) were injected.
Then growth was continued for 300 s with a reduced NH3 flow of 15 sccm and
simultaneously introducing SiH4 (200 nmol/min) to promote vertical growth. The
morphology and CL properties of these nanostructures were characterized using a FEI
Verios 460 scanning electron microscope (SEM) equipped with a Gatan MonoCL4 Elite
system. CL measurements were conducted at both room temperature and liquid nitrogen
temperature with 1-5 kV beam voltage.

We prepared TEM-lamella samples in a FEI Helios Nanolab focused ion beam (FIB)
system with an ion-beam voltage of 30 kV. All cross-sectional TEM lamellae were

prepared with the nanorods connected to the substrate to ensure that the growth
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direction can be identified. Finally, the lamellae were analyzed by aberration-corrected
scanning transmission electron microscope (Cs-corrected STEM) using a JOEL
ARM200F instrument with a sub-A resolution for polarity determination [26]. We used
the relative position of the gallium and nitrogen atomic columns with respect to the
growth direction for polarity determination. Other lamella samples with 1 um thickness
were also prepared by FIB for nano-SIMS measurement in CAMECA NanoSIMS 50L

with Cs*™ and O™ sources.

4.3 CL observation of the rosette-shaped pattern

Figure 4.1 SEM and panchromatic CL images of GaN nanostructures with rosette-shaped

pattern: (a) Panchromatic CL image of the rosette-shaped pattern in GaN nanostructures (45-
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degree tilted view). (b) SEM and corresponding panchromatic CL image of GaN nanodisks
with typical rosette-shaped luminescence. The non-luminous areas marked by white arrows.
(c, d) Nanodisks with 60 s growth duration: SEM and composite images reconstructed from
green and red color filters. (e, f) SEM and panchromatic CL images of nanorods lying down
on the substrate with the bottom surface facing the observation direction. A white dashed

hexagonal in (f) indicates the bottom area of the nanorod.

The GaN nanostructures consist of nanodisks and nanorods. We found a six-fold
rosette-shaped CL pattern in the nanostructures. A typical pattern consists of three parts
(figure 4.1 b): non-luminous regions at the corners of the hexagon acting as the ‘flower
petals’, a slightly luminous region in the center of the hexagon acting as the ‘flower
core’, and the rest of the hexagon (at the edges) emitting relatively strong CL signals.
As could be seen in figure 4.1 (a), this pattern is especially remarkable in nanodisks
with low aspect ratios. For the longer nanorods, this pattern persists at the bottom region,
but with further vertical growth, the rest of the nanorods exhibits a relatively uniform
luminescence.

The rosette-shaped CL pattern exists to some degree in all of the GaN nanostructures.
In samples with a very short growth duration of 60 s, the rosette pattern is visible (figure
4.1 c and d). The height of these nanorods is around 100 nm, which indicates the pattern
formation is closely tied to the early stage of growth. The rosette pattern is also found
on the bottom surface of nanorods with higher aspect-ratios, and those patterns are still

visible even after vertical growth (figure 4.1 e and f).
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Figure 4.2 (a-c) Composite images reconstructed from red-green-blue (RGB) color filters (45-
degree tilt view): yellow luminescence at the bottom of the nanorods and near-band emission

for the rest of the nanorods could be clearly identified.

Figure 4.2 presents the emission wavelength distribution throughout the
nanostructures. Under the RGB colour filters, the blue colour corresponds to the near-
band emission (NBE), while the yellow colour corresponds to YL. YL outlines the
rosette pattern of the nanodisks, while for taller nanorods, YL is confined at the bottom,
and the rest of the rod emits strong NBE. A clear interface could be seen between these
two types of emissions at just above the ‘rosette region’. The appearance of the pattern
is different in nanorods with different heights, and this phenomenon will be discussed

later in the chapter.
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Figure 4.3 Low-temperature (80 K) spectral imaging and spectra of GaN nanostructure: (a)
Composite image reconstructed from RGB color filters (the scale bar is 100 nm); (b)
Panchromatic CL image with three spots selected for spectral measurements; (c) CL spectra

extracted from the spots indicated in (b).

To further analyze the CL emission spatially and spectrally, we carried out spatially-
resolved CL mapping at liquid nitrogen temperature. In figure 4.3 (a), the hexagonal-
shaped NBE is confined to the center of the nanodisk, while the rest of the nanodisk
emits strong YL, except for the six non-luminous regions at the vertices of the
nanodisks. Three points are analyzed in the panchromatic image of figure 4.3 (b). As
shown in the spectral plot in figure 4.3 (c), point 1 (center) emits strong NBE (peak at
360 nm) and a relatively weak YL; point 2 (edge of the hexagon) emits YL only; point

3 (vertex of the hexagon) does not emit at all.
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4.4 Optical modes inside the hexagonal cavity

The rosette-pattern in the GaN nanostructure is an interesting and curious observation
that has not been reported in the literature. A similar flower-shaped CL pattern was
reported in ZnO nanorods [27], in which the authors attributed the phenomenon to
changes in surface roughness. The phenomenon we found in GaN may be related to
several factors: optical modes inside the hexagonal cavity, formation of polarity
inversion domains, strain relaxation, and defect/impurity accumulation at the corners

of the hexagons. We will analyze all these possible causes in this chapter.

Figure 4.4 (a-c) SEM images of intentionally broken GaN nanodisks (ex-situ, post-growth)
and their corresponding panchromatic CL images showing the rosette-shaped luminescence
still clearly visible. The white arrows in ¢ indicate where the pattern exists. (d) SEM image of
two nanodisks that merged during growth and their corresponding CL image showing overlap

of two independent rosette patterns.

Optical modes may be supported in the cavity due to the high regularity and
symmetry of the hexagonal nanodisks. Two common types of optical resonance modes
are reported in GaN nanorods: whispering gallery mode [28-31] (horizontal
propagation) and Fabry—Pérot mode [32, 33] (vertical propagation).

One approach that investigates whether these modes are playing a role in pattern
formation is by destroying parts of the cavity, thereby suppressing certain types of
optical modes [30]. Here we deliberately break the nanodisks with a diamond scribe by
cleaving the wafer. Three different types of damaged cavities are shown in figure 4.4.
In the first two cases (figure 4.4 a-c), the rosette pattern remains even after the nanodisk
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shape is no longer hexagonal. Also, when two nanodisks merge during growth (figure
4.4 d), the CL pattern is still visible, but as an overlap of two independent patterns. All
the above observations indicate that the rosette-pattern is not affected by shape changes

after its formation and thus not due to optical modes supported by the cavity.

Figure 4.5 (a-d) SEM and corresponding panchromatic CL images of a nanorod at different
acceleration voltages. The slight curvature of the nanorod is due to the drifting of high-

resolution SEM imaging.

The results from these broken cavities also prove that the CL pattern occurs not only
on the surface but also exists inside of the nanostructure, which is consistent with our
acceleration voltage-dependent CL imaging shown in figure 4.5. When increasing the
voltage from 2 to 5 kV, the electron beam probes further inside the nanorod. The dark
diamond shape decreases in size with a higher voltage, which means that the non-

luminous regions are closer to the surface of the nanorod.
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4.5 Polarity determination and STEM imaging

N-polar
é () Ga
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Figure 4.6 Polarity determination at various spots in a GaN nanorod lamella: (a) SEM and
corresponding panchromatic CL images of a GaN nanorod with a rosette-shaped pattern at its
bottom. A sketch outlining the region where a lamella was subsequently made by FIB is also
shown. (b) Secondary electron image of a FIB lamella sectioned from the nanorod in a,
showing clear contrast from the diamond-shaped regions. (c-g) Left: STEM images at different
parts of the lamella as indicated in b. Right: High magnification annular bright-field images
taken from regions indicated by the red circles are shown in the left images. Asymmetric
atomic dumb-bell images reveal the smaller N atoms on top of the double atom layers (N-

polar).

Next, we consider whether this unique pattern is related to crystallography variations,
such as the presence of inversion domain boundaries. Coulon et al. [34] reported that

N-polar domains exhibit stronger near-band emission compared with their Ga-polar
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counterparts, and the Ga-polar domains emit only YL. These claims suggest that the
formation of this CL pattern could be polarity-driven such that inversion domain
boundaries are formed at the bottom area of the nanorods.

To investigate the polarity of both the luminous and non-luminous regions of the
nanodisk, a lamella was prepared by FIB with the milling direction along the edge of
the hexagonal prism, as indicated in figure 4.6 (a). A 200 nm-thick lamella was first
lifted out from the nanorod for SEM imaging (figure 4.6 b), and then this lamella was
thinned to 50 nm for Cs-corrected STEM.

Five spots (figure 4.6 b) were selected for Cs-corrected analysis, three spots from
the rosette region, and two from the other areas. Spots P1 and P3 are at the non-
luminous corners. The direct observation of atomic dumb-bell pairs shows that the
smaller nitrogen atom is on the top of the double atomic layer, thereby confirming the
N-polar nature of these two regions (figure 4.6 ¢ and e). Spot P2 was taken in the middle
part within the bright CL region and can also be identified to show N-polarity (figure
4.6 d). Spot P4 and P5 at the middle and top area of the rod are also characterized,
showing that the nanorod is homogeneously N-polar. Therefore, these data allow us to
exclude inversion domain boundaries as the cause of the rosette-shaped CL pattern.

We also found the secondary electron image showing a similar rosette contrast to the
CL images (see the darker SEM contrast in figure 4.6 ). This contrast indicates a
difference in the energy distribution of secondary electrons [35-37]. The effects of
material and topography on the SEM contrast can be excluded as the analysis was
performed on a flat GaN lamella. Thus, the SEM contrast is most likely related to

changes in surface potential and doping level (conductivity) across the region [36].

91



Chapter 4

pbi)tt'!at:tatt‘tititit'ti
5]-.5(.:"!"!"""”
p; et
WEE B AR R R s T s r v iy

*

I TETET YL
Seeiwiete?

=| loo--o.
ey CR
0¢'-4-5:::)):.;1“3’3"”1
e
D Tttt |
R R R R R RN
.z;mm“.p...)l“‘t“ii,)’,

o PR R AAAS A ASSSsss s s

N-polar
g ¢ Ga
(11201 "0 @ N

Figure 4.7 STEM images of a nanodisk lamella attached to the substrate. (a) STEM image of
the nanodisk. (b, ¢) The polarity of the nanodisk is nitrogen polar with the smaller N atoms on

top of the dumb-bell pair; image c is an enlarged image indicated by the red box in image b.

The polarity in a low aspect-ratio nanodisk is also identified. The target nanodisk
attached to the sapphire substrate was sliced into lamella. A clear interface could be
observed in figure 4.7 (a). Based on figure 4.7 (b) and (c), we determined the nanodisk

as N-polar that is consistent with nanorods that have high aspect ratios.
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Slicing
direction

Figure 4.8 (a-c) SEM and panchromatic CL images of the lamella sliced before reaching the
turning point in the diamond shape. (d) TEM lamella further thinned from figure 4.8 b. (e-f)
Images were from the areas indicated by the red dots in (d). Dark contrast in the high
magnification annular bright-field (ABF) image could be the interstitial atoms, shown by the
red circles. The matrix atoms are stacked in the ABABA sequence. (green spheres indicate A

atoms, yellow spheres indicate B atoms, while the pink sphere represents the interstitial atom).

Apart from the lamella sliced along the growth direction, we also sliced the lamella
perpendicular to the growth direction for Cs-corrected TEM. As shown in figure 4.8 (a),
the lamella is sliced before reaching the turning point in the ‘diamond shape’ at the
rosette region. From figure 4.8 (b) and (c¢), we find that the contrast in SEM and CL
images are correlated, and the non-luminous regions extend deep inside the surface.
After the CL measurement, this lamella was further thinned down for Cs-corrected
TEM, and two spots were selected to compare the structural difference between the
center and edge of the cross-section. For the center spot, the dark contrast in the annular
bright-field (ABF) image could be interstitial atoms, but these atoms are not visible in
the high-angle annular dark-field (HAADF) image taken at the same region. Because
ABF imaging is better at visualization of ultralight elements, it indicates that these
missing interstitial atoms in the HAADF image are light elements. However, similar
phenomenon is also visible for the spot at the edge part. Therefore, this phenomenon is
not related to CL pattern formation, and further experiments are required to verify the

type and distribution of the atoms.
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4.6 Strain analysis
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Figure 4.9 (a) TEM lamella sectioned from a GaN nanodisk. Inset: CL image of the nanodisk
(cutting direction indicated by the white rectangle). (b) The TEM image at the nanodisk edge
showing the interface between sapphire and GaN. (c) GPA map of radial strain ex
corresponding to the area in b. (d) integrated strain profile over the white-dash rectangle
indicated in c. (¢) TEM image of the middle region indicated by the red dot in @; (f) GPA map
of radial strain &« corresponding to the area in e; (g) integrated strain profiles over the white-

dash rectangle indicated in f.

We investigated the region near the nanorod/substrate interface because the peculiar
CL pattern is formed close to this area. Defects induced by strain relaxation (due to the
lattice mismatch between GaN and sapphire) can act as non-radiative recombination
centers. They may cause the formation of the pattern, i.e., the non-luminous regions
[38-41]. We evaluated the strain at the GaN/sapphire interface using geometrical phase
analysis (GPA) on high-resolution TEM images of the interface [42, 43]. The lattice
displacement of the GaN nanodisk was calculated using the sapphire substrate as a
reference.

A target nanodisk was sliced across the opposite vertices of the hexagon (inset image
of figure 4.9 a) to verify the strain level. GPA maps of in-plane strain &xx (nanodisk
radial growth direction) are shown in figures 4.9 (c). In figure 4.9 (c), a sharp colour-
scale contrast could be seen between the GaN (yellow) and the sapphire (orange). A
corresponding scan area across the interface indicates that GaN is under large
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compressive strain (14.66%) with respect to sapphire (figure 4.9 d). However, the strain
profile is uniform and does not reflect the pattern observed in the CL image. Similarly,
the GPA map of the middle area of the nanorod (figure 4.9 f) also shows no correlation
with the CL pattern. Based on the results above, we can rule out strain at the interface

as the cause for this pattern formation.

95



Chapter 4

4.7 Nano-SIMS studies
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Figure 4.10 (a) SEM image of single GaN nanorod (diamond-shape contrast indicated by white
arrow). (b) SEM image in the nano-SIMS system of a lamella made from nanorod shown in a.
The white arrow indicates the growth direction of the nanorod. (¢c-f) Mass intensity map of '°O,
28Si, 24C,, and "2C'N. (g, h) Line scans from the "*C'*N map along the length and across the
bottom of the nanorod, respectively. In figure f; a dashed black line and a dashed red line

indicate the scan positions. The white arrows indicate scanning directions.

We then carried out the nano-SIMS measurement on a FIB lamella sample to evaluate
the variation of chemical composition and impurities. A target nanorod is shown in
figure 4.10 (a) with a clear SEM contrast of the pattern at the bottom (indicated by white
arrow).

We identified several elements from the nano-SIMS analyses, including 60, 2%Si,
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24C,, and '2C"N. In the '*O map, not much difference could be found along the length
of the nanorod, which indicates a relatively uniform distribution of oxygen throughout
the nanorod. The 8Si map shows the lack of Si at the bottom area, which could be
related to the initial stage of the growth before the introduction of SiHg precursor. The
24C, map also shows relatively high intensity at the bottom area. In the >)C!*N map, the
bottom area of the nanorod has a higher intensity (indicated by the white arrow). Two-
line scan plots (figure 4.10 g and /) are extracted from the '2C!*N map. From the line
scan plot along the growth direction, we could see the signal of the >C'¥N cluster from
the bottom area is significantly higher than the rest of the nanorod. For direction
pedicular to the growth direction, the intensity is high at the center and drops towards
the edge.

Carbon could be introduced as isolated Cn, which has been linked with YL in many
reports [5, 11, 45]. Christenson et al. [11] predicted isolated Cn peaks at 2.18 eV with
zero phonon line (ZPL) at 2.67 eV, which is in agreement with the YL emission
observed in our study. The latest theoretical calculations also show YL is more related
to isolated Cn rather than Cn complexes [11], such as Cn-On and Cn-Vga due to their
instability [44-46]. Based on our growth conditions using a low V/III ratio, we believe
carbon is the most likely cause of the YL. However, since we detect CN clusters in
SIMS (rather than C to increase the sensitivity) [47], we cannot completely rule out the
effect of N in YL. Additionally, due to the resolution limits of SIMS, we are not able to
pick out the data from the specific spot in the pattern area. Nonetheless, the presence of
excess C and N at the bottom region of the nanorods and their effect on the optical
properties strongly suggests that the excess C and/or N incorporation is key to the CL

pattern formation.
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4.8 Evolution of the CL pattern
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Figure 4.11 (a-d) SEM & CL composite images showing the ‘diamond-shape’ with different
angles (SEM: red, CL: green). (e) Scatter plot of the relationship between diameter and “critical
thickness’ (diamond edge). (f, g) Angles formed by the diamond vs. diameter of the nanorods.

The angles of the ‘diamond shapes’ of the CL pattern in the nanorods are analyzed as
shown in figure 4.11. From figure 4.11 (a) to (c), we could see the ‘diamond-shape’
varies from rod to rod. Angle ‘a’ is located at the diamond top area, while angle ‘b’ is
at the bottom of the diamond, as indicated in figure 4.11 (d). Statistical analyses plotted
in figure 4.11 (f), (g) show the values of angles ‘a’ and ‘b’ are not constant. We also
measured the ‘critical thickness’ - the height at the turning point in the diamond shape
expansion. The scattered plot shown in figure 4.11 (e) indicates that the critical
thickness is roughly in the range of 200 to 500 nm (average value 339 +146 nm), and
no clear relationship could be drawn between the nanorod diameter and critical

thickness.
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Figure 4.12 CL pattern evolution: (a) Panchromatic CL images demonstrating the evolution of
GaN nanostructures categorised into five different stages during growth (scale bar: 500 nm).
(b) A 3D illustration of the CL pattern evolution with the average height of each stage. We
consider the height of the diamond corner at the nanorod edge area as the critical thickness (a
transition height of the diamond shape). The rosette-shaped pattern changed at the critical

thickness.

To further study the CL pattern variation in the nanorod, it is necessary to find out
how the pattern changes during nanorod growth. Due to the fast-growing speed of the
nanorods (estimated at 10 nm/s) [48], it is challenging to acquire nanorods with an
extremely short growth time or pinpoint a specific nanorod using an in-situ monitoring
system. However, we found nanorods at different growth stages coexisting on the wafer,
which we ascribe to continuous nucleation throughout the growth time. By collecting
the information of different nanorods over a large CL imaging area, we can obtain

information about the various growth stages. We can roughly divide the growth of these
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nanorods into five stages based on their heights and illustrate the pattern transformation
in 3D in figure 4.12.

In stage I, just after the formation of the nanodisk, it shows non-luminous regions at
the hexagon vertices with weak YL surrounding these dark regions, forming a clear
petal pattern. The middle region of the disk, has a very weak luminescence. The low
CL intensity could be attributed to its small material volume and large strain at the
interface. In stage II, the YL becomes more intense at the edges of the hexagon,
indicating a higher impurity incorporation in these regions. The non-luminous areas at
the vertices, arising from a high density of non-radiative recombination centers,
continue to grow in size and expand laterally along the edges of the hexagon (indicated
by white arrows) with further growth.

In the next stage (Stage I1I), strong NBE is observed in the central region, indicating
improved optical property compared with the former two stages. A distinct boundary
between the dark and bright YL areas could be seen on the sidewall due to the non-
luminous region expansion at the vertices. The depth of the dark region extends about
200 nm inside the nanorod's surface, as shown earlier in figure 4.8. On the edge of the
hexagonal prism, the joining of boundaries between the bright and dark areas form a
profile with a triangular shape.

The expansion of the triangular non-luminous regions could be due to the
preferential distribution of non-radiative defects along certain crystallographic
directions. Indeed, Zheng et al. [49] reported that the surface energies and surface
reconstruction of different facets could lead to compositional difference along certain
crystallographic directions in AlGaAs growth. However, due to the diversity of angles
and shapes, there could be a complex relationship between certain crystallographic
directions and the size of the nanorods.

In stage IV, the adjacent dark regions start to merge when nanorod reaches a certain
height. The height varies from rod to rod, but the merging process is roughly 200-500
nm (figure 4.11). At this height, the non-radiative process dominates the recombination
channels on the sidewalls. In the last stage, a contraction follows the expansion of the
non-luminous region. Once the expanding non-luminous regions start to merge, the
non-radiative defects are then distributed along another equivalent or other
crystallographic directions, thereby ultimately forming a diamond-like pattern. The

optical spectrum now shows a strong NBE luminescence with a weak YL along the rest
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of the entire length of the rod. The final luminescence pattern consists of diamond-
shape dark areas at the bottom section of the nanorod and the bright near-band emission
for the rest of the nanorod.

The development and evolution of the rosette-shaped pattern provide a ‘time-lapsed’
sequence of how YL, non-radiative recombination, and NBE vary during nanorod

growth.

4.9 Summary

The rosette-shaped CL pattern is a curious and complicated optical observation that
requires extensive combinations of high resolution optical and structural
characterization techniques to explore its origins. We found the optical resonance
modes and the polarity inversion domains do not contribute to the pattern formation
through cavity-shape destruction and polarity determination. Nano-scale SIMS shows
a higher concentration of CN clusters and less Si in the rosette-shaped region. Therefore,
the CL pattern formation may relate to facet preferential distribution of non-radiative
defects, such as excess carbon/nitrogen related defects. A five-stage growth model is
proposed to explain the formation and development of the pattern from nanodisks to
nanorods. This work helps to extend our understanding of the defect distribution and
related optical properties at different stages of GaN nanorod growth, which is useful for

future device applications.
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Chapter 5

Growth and characterisation of
InyGa;xN quantum wells and

quantum dots in GaN nanorods

5.1 Introduction

In this chapter, we further explored the growth of InxGa;xN quantum wells (QWs) and
quantum dots (QDs) on the self-assembled GaN nanorods that have been achieved in
previous chapters. Nanowires and nanorods incorporated QWs and multiple QWs
(MQWSs) have been already used in light-emitting diodes [1-4], solar cells [5-7] and
photovoltaic devices [8, 9]. One of the advantages of QWs grown on non-polar m-plane
GaN is that the layers are free from quantum-confined Stark effect (QCSE) caused by
internal piezoelectric field in c-planes GaN [10]. The natural geometry of GaN
nanorods allows this to be achieved by growing InGaN QWs and QDs on their sidewalls
to form a core-shell structure. Furthermore, the large surface-area-to-volume ratio of
the nanorods provides more area to reduce current overcrowding in the active layers,
which in turn resolves the efficiency droop problem. Thick InGaN QWs [11] can also
be grown on the m-planes thereby allowing higher indium incorporation to push the
emission wavelength towards the longer region beyond the green-gap.

Under certain growth conditions [12], QWs grown on self-assembled GaN nanorods
can be accompanied by spontaneous formation of InxGaijxN QDs. The formation
mechanism of the QDs may be attributed to a large miscibility gap between the InN and
GaN material systems. InGaN QDs grown in the core-shell MQWs nanowires have
been demonstrated to act as good single-photon emitters with ultrafast radiative
lifetimes and polarized emission [12]. InxGaixN QDs could also offer high band offsets,
good stability, fast switching rates and large exciton binding energies [13, 14], making
them suitable for future applications in quantum technology such as quantum
cryptography and quantum computing.

In this chapter, we discuss the growth of InyGa;xN MQWs and related QW- and QD-
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emission on GaN self-assembled nanorods. The detailed growth process and growth
parameters are discussed in section 5.2. In section 5.3, the structural details of the core-
shell MQWs are characterized by transmission electron microscopy (TEM). We present
a detailed study on spatial distribution and optical properties of the QD emission
through high-resolution CL imaging. We also studied the effect of indium injection and
barrier growth temperature on the optical properties of the MQWs. A summary of the

chapter is then presented in section 5.5.
5.2 Experimental Details

5.2.1 Growth of InxGa1xN MQWs on GaN nanorods

The InxGa1xN/GaN MQWs were grown on GaN self-assembled nanorods. The detailed
growth process of the nanorods has already been discussed in chapter 3. The nanorod
core contains two segments: the Si-doped (SiH4 injection) segment was grown first,
then followed by an unintentionally doped segment (without SiHs). Both segments have
been grown for 300 s. Before the MQWs growth, the carrier gas was switched from
hydrogen to nitrogen and the chamber pressure was increased from 200 to 400 mbar.
Unlike the extremely low V/III ratio used for GaN nanorod growth, the growth
conditions for MQWs were quite different. A single loop of the QW and barrier
consisted of the following steps: (i) InxGaixN QW was grown at 710°C by
simultaneously injecting TEGa (2.31 pmol/min), TMIn (1.68 pmol/min) and NHj3
(5000 scem) for 120 s. (i1) GaN barrier was grown at 810 °C with increased TEGa flow
(20.13 pmol/min) and NH3 (5000 sccm) for 300 s. This loop was then repeated three
times throughout the entire MQW growth including the steps of reheating and cooling,

during which group III precursors were removed from the growth chamber.
5.2.2 Optical and structural characterisations

The morphology and optical properties were characterised using a FEI Verios 460
scanning electron microscope (SEM) equipped with a Gatan MonoCL4 Elite CL system.
All the CL measurements were conducted at room temperature with 1-5 kV beam
voltage and 0.2 nA beam current.

TEM-lamella samples were prepared in a FEI Helios Nanolab focused ion beam
(FIB) system, with an ion beam voltage of 30 kV for milling and a voltage of 5 kV for

cleaning/polishing any damaged layer caused during the milling. The lamellae were
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analysed by TEM using a JOEL 2100F instrument for structural information.

5.3 InxGa1xN/GaN MQWs and InxGai1-xN QDs
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Figure 5.1 SEM, panchromatic CL images and CL spectrum of GaN nanorods with MQW
structure: (a, b) 45-degree tilted SEM image of GaN nanorods with MQW structure. A white
arrow in figure b indicates the boundary between smooth and rough area. (c, d) SEM and
corresponding panchromatic CL images of a single GaN nanorod with MQW structure. A white
arrow indicates the boundary between the smooth and rough area. () The panchromatic CL of
the lamella made from the nanorod shown in figure ¢ (sliced along the growth direction) (f)
Panchromatic image of laying down nanorod on the sapphire substrate. (g) CL spectrum of the

QW emission collected from the area indicated in a white dashed box in figure c.
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SEM images of the GaN nanorods grown with InxGaixN/GaN MQWs are shown in
figures 5.1 (a) and (b), where the hexagonal morphology of the nanorods are clearly
maintained. However, the surface of the bottom segment (Si-doped) of the nanorod
appears to be rough with dots formation (figure 5.1 ¢). A clear boundary between the
rough and the smooth segments demarcates where the SiHs4 precursor was removed
during growth (indicated by a white arrow). The rough surface could be related to the
thin layer of SiNx formed on the sidewalls with the use of SiH4 precursor during GaN
core growth [12].

The nanorod emits two kinds of luminescence: the top region emits strong QW-like
emission, while the rest shows bright QD-like emission (figure 5.1 d). This could also
be seen in the lamella sliced in FIB along the growth direction (figure 5.6 e) that the
QD emission is less than 50 nm in diameter and well-separated. The spectrum collected
from top QW region peaks at 415 nm (region marked by a white dashed box). In this
area, the surrounding sidewalls of the nanorod emit stronger CL luminescence
compared with the top surface as could be seen in figure 5.1 (f) of some nanorods that

have been knocked down from their substrate.

To reveal the structural difference between the top area and the rest of the rod, the
TEM and STEM were conducted on a nanorod lamella with the MQW structure. As
shown in figure 5.2 (b), three InxGaixN/GaN MQWs can be clearly seen to form around
the nanorod, forming not only radially on the sidewalls but also axially on the top
surface. The thicknesses of QWs and barriers grown on the top and sidewalls are
different, which could be related to different growth rates on c- and m-planes,

respectively [15].
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Indium
segregation

Figure 5.2 (a) STEM bright field image of the MQW cross-section lamella. The white arrows
roughly point out where the indium segregation starts. (b, ¢). STEM bright field image of the
MQW cross-section lamella, focusing on the top & sidewall area, zone axis [11-20]. (d, e)
STEM bright field image of the indium segregation area (as marked by a white dashed box).

Figure ¢ is a zoomed-in image of the red box area in figure d.

The interfaces of the MQWs could be clearly identified from the top section of the
nanorod (which corresponds to the bright emission region). However, this is not so for
the rest of the nanorod, where the MQWs have darker contrast between QWs as shown
in figure 5.2 (e) and (f). Since STEM contrast is related to Z-contrast, this dark regions
in the MQWs could be related to indium segregation. Indium segregation has been
reported and debated since the late 1990s [16-19], which is mainly attributed to the low
miscibility between GaN and InN [20]. The indium segregation could have been
resulted from high indium content in the InxGa;xN QW (25- 65% Indium) [21], QW
thickness exceeding the critical thickness [21-23] and inhomogeneous strain
distribution in the QW [24]. The structural difference in the nanorod may correspond
to the CL emission distribution: the top QW region emits the bright CL signal, while

the indium segregation region emits isolated dot-like emission.
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Figure 5.3 (a-d) TEM images of the dot-like formation on the surface of the InxGal-xN
MQWs.

The TEM images of QDs forming on the side facets of the MQW structure are shown
in figure 5.3. The size of the QDs is around 20 nm and appear to nucleate only on the
sidewalls of the nanorod and not in the QWs. Most of them have a truncated pyramid
shape. The dots have a higher density towards the bottom half of the nanorod,
suggesting that Si incorporation during the first stage of nanorod growth results in a

rougher surface that promotes nucleation of the dots.

SEM & Pan-CL

Figure 54 SEM and panchromatic CL images of the QDs: (a) SEM, SEM (red) &

panchromatic CL (green) composite image and panchromatic CL image, respectively. The dots
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are highlighted with white circles.

To get a better clarification on the QD emission, we compared the SEM and CL
images from the nanorod, as shown in figure 5.4. In the SEM image, QDs can be clearly
seen as indicated by the white circles. However, the SEM & CL composite image
(figure 5.4 b) shows that emissions (green regions) are scattered all over the nanorods
but does not coincide with the locations of the QDs. Therefore, it is believed that
emission is actually coming from the underlying QW regions, rather than the surface
QDs. QD-like emission from inside InGaN QWs has been reported in previous studies
[17, 18, 25]. The formation of the QD-like emissions were attributed to the restricted
indium solubility in GaN [25] and they may be related to compositional modulation in

the InGaN ternary system due to phase separation [16, 18].
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Figure 5.5 SEM, panchromatic CL images and CL spectra of the MQW and QDs: (a, b) SEM
and corresponding panchromatic CL images of a GaN nanorod with MQW structure. Two
boxes (red and green) mark out the spectral collection region in figure c. (c, d) CL images

reconstructed from the spectral mapping, 380-400 nm and 400-450 nm, respectively. (e) CL
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spectra collected at the middle and bottom area of the nanorod (marked by red and green dashed
boxes in figure b). (f, g) CL spectra extracted from three quantum dots as marked in the

magnified image in figure f.

The spatial and spectral distributions of CL emission from the MQWs and QDs are
also investigated. As shown in figure 5.5 (), there is a shift around 25 nm in emission
peak between the top (centered at 419 nm) and the bottom (centered at 393 nm) areas
of the nanorod. This also reflects in the spatial distribution of CL emission in figure 5.5
(c) and (d). The bottom area is bright at shorter wavelength (380 nm to 400 nm), while
the middle and top area is brighter at longer wavelengths ranging from 450 nm to 500
nm. These results show that QDs at the bottom on average, have less indium
incorporation compared to the ones closer to top of the nanorod. This higher indium
incorporation may be related to the direct impinging [26, 27] of indium atoms towards
the top areas.

We picked out three spots (figure 5.5 f) for spectral analysis. We found each spot
have slightly different peaks: 416 nm at spot 1, 410 nm at spot 2 and 418 nm at spot 3.
All the peaks are sharp with low full width at half maximum around 20 nm, which
means after further optimizing the growth process, they may have potential for the

applications in single-photon emitters [12].
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Figure 5.6 CL spectra studies of MQW with indium injection concentration and barrier growth
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temperature variations: (a) InyGa;«N/GaN single quantum well growth with indium injection
concentration variation. (b) The CL spectra correspond to the variation of indium injection
concentration. (c) IniGa;xN/GaN single quantum well growth with different barrier growth

temperature. (d) The CL spectra correspond to the variation of barrier growth temperature.

We studied the effect of the barrier growth temperature and TMIn flow rate on the
optical properties of the InxGaixN/GaN QWs. In order not to complicate the results,
only one QW was grown in this set of samples and the CL spectra were collected from
the whole nanorod. With the increase of TMIn flow from 1.66 to 1.75 umol/min, a shift
to longer wavelength in the QW emission is observed (figure 5.6 b), as expected due to
an increase in indium concentration which reduces the effective bandgap of the QW.

When the growth temperature of the barriers is increased from 800 to 835 °C, a shift
to shorter wavelength is observed due to the decreased indium incorporation in the QW.
Because of the miscibility gap between GaN and InN, the solubility of indium in the
Ini1xGaxN alloy is extremely sensitive to the temperature during or after the QW growth
[28, 29]. The increased barrier growth temperature could result in the out-diffusion and
evaporation of indium from the QWs, resulting in a reduced indium content in the QW
and/or reduction in the thickness of the QW [29], and therefore a blueshift in the

emission spectrum of the QW.

5.4 Summary

We have successfully grown GaN nanorods with InxGaixN/GaN MQW core-shell
structures, which show strong emission from the MQWs, especially in the top section
of the nanorods. Detailed CL and TEM studies show that MQWSs grown at the top
region of the nanorod have better crystalline and optical qualities. From the CL mapping,
we found InyGa;xN QD-like emission on the sidewalls of the nanorods, which
originated from indium phase segregation in the QWs. We also investigated the effects
of MQW growth parameters on their optical properties that we found increasing indium
source injection and decreasing barrier growth temperature would lead to an emission

shift to longer wavelength.
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Chapter 6

Conclusion

6.1 Outcomes

This thesis has investigated the wafer-scale growth of GaN self-assembled nanorods on
sapphire substrates using metalorganic chemical vapour deposition (MOCVD). We
studied how the pre-growth and growth conditions affected the nanorods. We observed
a rosette-shape cathodoluminescence pattern in the GaN nanorods and its origin was
also explored. Finally, we have grown InxGaixN/GaN multi-quantum well (MQW)
structure and InxGaixN quantum dots (QDs) on the GaN nanorods for future device
applications.

We have investigated the effects of both the pre-growth and growth parameters on
the GaN self-assembled nanorods in chapter 3. The nitridation process plays an
important role in improving the morphology, polarity, and optical properties of the
nanorods. Without appropriate nitridation, the nanorods would exhibit pyramidal top,
mixed polarity, and non-uniform yellow luminescence. The introduction of the
nitridation process transforms the nanorods into a hexagonal shape with a flat top, N-
polarity, and homogenous luminescence distribution with a strong near-band edge
emission. We also found that an appropriate silane injection rate and growth
temperature are required to obtain nanorods with uniform morphology and high density.
In chapter 3, we offered an insight into the relationship between pre-growth, growth
conditions, and nanorod properties, which would help provide optimised nanorods for
future device applications.

In chapter 4, we studied the rosette-shaped cathodoluminescence (CL) pattern from
the GaN nanorods consisting of yellow luminescence (YL) and non-luminous regions.
This pattern is formed at the very early stages of GaN nanorod growth and is not
affected by nanorod geometry, symmetry, or size. From CL, electron microscopy and
nanoscale secondary ion mass spectrometry (nano-SIMS) studies, we found the pattern
is not due to optical resonance modes or polarity inversion domains. Higher
concertation of CN cluster at the rosette-shape area is observed and therefore, the
unique CL pattern formation could be related to facet preferential distribution of non-

radiative defects, such as excess carbon/nitrogen related defects. We proposed a five-
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stage growth model to explain the formation and development of the pattern from
nanodisks to nanorods. This chapter helps to extend our understanding of the defects
and their related optical properties at different stages of GaN nanorod growth, which
contributes to the knowledge of synthesizing nanorods with desirable optical properties.

The growth and characterisation of InxGa;xN/GaN MQW core-shell structures and
the formation of InyGaixN QDs emission are discussed in chapter 5. Through high-
resolution CL and transmission electron microscopy (TEM) studies, we found the tip
region of the nanorod emits strong QW emission, while indium segregations are
observed along the sidewalls of the nanorods. The InxGaixN MQW emission shows
high sensitivity to minor changes in trimethylindium (TMIn) source flow and quantum
barrier growth temperature. Increasing indium source injection and decreasing quantum
barrier growth temperature shift the emission peaks to longer wavelengths as a result
of more indium incorporation. This chapter adds our understanding of the growth and
optical properties of the InyGa;xN/GaN MQW and QDs that would be applied in

optoelectronic devices such as light-emitting diodes (LEDs) in the future.

6.2 Outlook and future work

In this thesis, considerable progress in the understanding of self-assembled GaN and
related InxGai1.xXN/GaN multi-quantum well and quantum dot nanorod structures has
been made. However, many challenges remain to be tackled. Here we address a few of

these challenges and possible future work direction on this topic.
6.2.1 Challenges in nanorod growth and characterisation

We have successfully grown GaN and InyGa:-xN/GaN MQW nanorods, but challenges
still existed to achieve nanorods with highly uniform morphology, optical emissions,
and the more accurate characterisation results.

(1) Improving the uniformity in height. Both nanorods and nanodisks co-exist on the

same substrate, and this height dispersion may be related to continuous nucleation
during the growth. Increasing the nucleus density by adjusting the growth conditions
may help suppress continuous nucleation and improve the height uniformity.

(i) Growing GaN nanorods with an appropriate diameter. As the diameters of the

nanorods are around 500 nm, the large diameter of the nanorod requires a thick metal

layer to form a continuous metal to form contacts in single nanorod device fabrication
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[1, 2]. Therefore, adjusting the growth parameters and reducing the nanorod diameter
down to 200 nm would be a goal for future growth optimization.

(ii1) Achieving uniform MQW emission. We have successfully grown core-shell

MQW structure but the strong MQW emission is restricted at the tip of the nanorods.
To improve the efficiency of the emission from the nanorods, it is necessary to obtain
uniform emission from the entire nanorods.

(iv) Controlling QD emission. Controlling the concentration and location of QD

formation should be tackled in future work. Several parameters, such as Si-doping,
indium injection concentration, and growth temperature, might be the key to solving

this problem.
6.2.2 Future Outlook

Based on InxGa1.xN/GaN MQW growth, the fabrication of the nanorod devices such as
nanorod LEDs could be realized in the future. There are several research topics to be
tackled such as n-/p- type doping and contacting the nanorods for current injection.
We have studied the effects of n-type dopant silane in chapter 3 where it has
significant effects on the morphology and density of the nanorods. Further studies
should be carried out on its effects on the optical and electrical properties of GaN
nanorod. Effects of p-type doping using bis(cyclopentadienyl) magnesium (Cp2Mg) on
the properties of nanorods should also be studied in the future. Nanorods with n-i-p
structures would be grown to investigate their optical and electrical properties.
Examples of contacting the core-shell structure nanorod are shown in figure 6.1.
Typical steps of contacting GaN single nanorod are reported by Durand et al. [6]: (1).
The nanorod is encapsulated in a spin-on-glass layer that transformed into SiOx by
annealing. (i1). Dry etching is used to reveal the wire surface and e-beam lithography is
used to define the metal contacts areas. (iii). N-type and p-type of the segment is
contacted with Ti/Al/Ti/Au and Ni/Au metal layers, respectively. To contact a core-shell
structured nanorod, one of the contacts should be made on the shell segment, while at
the other end of the rod, the shell should be etched away to enable the contact on the

core segment [7, 8].
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Figure 6.1 Illustrations of single nanorod contacting and single nanorod LED: (a-b) a 3D
illustration and SEM image of the single nanorod contacting [9]. (c-e) SEM image, optical

microscope, and electroluminescence [7].

Many groups [8, 10-13] have successfully fabricated the single nanorod LEDs.
Koester et al.[10] has reported a single nanorod LED emits around 392 nm and the
indium content inside the InxGaixN/GaN MQW is around 16%. Durand et al. [6] have
demonstrated a GaN/InAIN MQW single nanorod LED that the indium content in the
MQW is around 15 % and the bandgap of its emission is around 3.7 eV. To enhance the
performance of the nanorod LED, we should focus on several aspects. Firstly, a high-
quality p-doped layer is necessary to ensure an effective p-type doping and a high hole-
injection rate [14]. Secondly, an effective electron-blocking layer is necessary to
increase carrier recombination efficiency. Also, good Ohmic contacts and designs that

reduce the optical loss are both beneficial to improve the efficiency of the LEDs [14].
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