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Abstract

Ternary InGaN and AlGaN alloys have been sought after for the application of various
optoelectronic devices spanning a large spectral range between the deep ultraviolet and
infrared, including light-emitting diodes, and laser diodes. Their non-ideal alloy mixing, and
differences in bond energy and in adatom diffusion are established as the cause for various
types of nanoscale compositional inhomogeneity commonly observed in nitride thin films.
Growth in a nanowire geometry can overcome the phase separation, surface segregation, and
chemical ordering by providing enhanced strain relaxation of the large lattice mismatch at
the free surfaces. In this dissertation, the spectral and spatial luminescence distributions of
ternary III-N alloy nanowire heterostructures are investigated and correlated to structural
and chemical properties with scanning transmission electron microscopy.

Quantitative elemental mapping of InGaN/GaN dot-in-a-wire structures using electron
energy-loss spectroscopy revealed compositional non-uniformity between successive quantum
dots. Local strain mapping of the heterostructure showed a dependence of the incorporation
of indium on the magnitude of the out-of-plane compressive strain within the underlying GaN
barrier layer. Cathodoluminescence spectroscopy on individual nanowires presented diverse
emission properties, nevertheless, the In-content variability could be directly correlated to
the broad range of peak emission energies.

Atomic-level chemical ordering within the InGaN was then reported, and attributed to the
faceted growth surface in nanowires that promotes preferential site incorporation by In-atoms
that allows for better strain relaxation. Distinct atomic-scale alloy inhomogeneities were
also investigated in AlGaN nanowires, which evidenced spatial localization of carriers taking
place at the resulting energy band fluctuations. A high spectral density of narrow emission
lines arose from such compositional modulations, whose luminescence behaviours exhibit a

dependence on the nature of the compositional fluctuations from which they originate.
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Chapter 1
Introduction

In response to the growing demand for energy resources given the ongoing global devel-
opment and the depleting supply of natural resources, more sustainable ways to harvest
and utilize energy need to be sought. Remaining at the forefront of technological relevance
over the last few decades has been solid-state technologies based on group III-V compound
semiconductors. A short list of suitable optoelectronic applications includes high-efficiency
solid-state lighting and displays, photovoltaics, laser diodes, and high-power electronics. The
group III-nitride materials system has enormous potential for various optoelectronic devices,
but remains the top material of choice as the next generation of solid-state lighting devices
with improved efficiency and longevity [1]. Heteroepitaxy of ITI-N materials into planar thin
film device structures faces some fundamental challenges as no single lattice-matched native
substrate exists. Highly lattice-mismatched interfaces continue to be the major roadblock
in the growth of high quality planar thin films, as they can lead to structural defects that
are detrimental to device performance. III-N materials are notorious for having very high
density of dislocation from the plastic relaxation of mismatch strain.

The growth of semiconductor nanostructures, inclusive of nanowires, nanorods, and
nanocolumns, offers a promising alternative to the high density of dislocations in planar
structures. Nanowires have high surface-to-volume ratios and give rise to additional free side
surfaces for lateral strain relaxation. The small cross-sectional interface allows for coherent
elastic relaxation from biaxial strain for axial heterostructures [2], as the critical thickness
for plastic relaxation is much larger in this type of geometry [3]. The small nanowire cross-
section also lifts many limitations on the choice of (foreign) substrates, because remnant
misfit dislocations are generally confined to the interfacial region or bent towards free sur-
faces. Residual strains are greatly reduced along the nanowire growth axis and the lattice
eventually becomes fully relaxed. The use of silicon as substrate is an economical alternative

to the sapphire commonly used for planar growth. Moreover, the monolithic integration of
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ITI-V devices with the well-established silicon integrated circuitry technology is particularly
attractive to increase functionality.

Focusing on InGaN/GaN quantum well (QW) structures for light-emitting diodes (LEDs)
application already available in the market, the luminous efficiency drops significantly to-
wards longer wavelengths as lattice strain builds from increasing the indium content. The
two main limitations on the emission in (In,Ga)N materials has been nanoscale alloy inho-
mogeneity, and the generation of polarization-induced internal electric fields. However, the
former has also been proposed as the reason for the exceptional luminescence efficiency in
InGaN planar structures despite the high defect density. A topic continuing to receive sig-
nificant attention is the role of nanoscale potential fluctuations as carrier localization centres
in InGaN [4, 5], which provide a barrier against diffusion of carriers towards dislocations and
other non-radiative recombination sites.

Alternatively, incorporation of similar InGaN/GaN heterostructures into nanowires can
take advantage of the elastic strain relaxation to reduce the effects of piezoelectric polariza-
tion. From a broader prospective, it would be possible to extend the colour tunability across
the entire visible spectral range, such that multi-coloured emitters can be realized within
one material system integrated on a single chip [0, 7]. Different research groups have taken
this direction in recent years, reporting on the growth of axial InGaN insertions within GaN
nanowires utilizing both bottom-up and top-down approaches by molecular beam epitaxy
and metalorganic chemical vapour deposition [8-16]. Some studies cite insignificant inter-
nal piezoelectric fields from the absence of the quantum-confined Stark effect due to the
enhanced strain relaxation within nanowires [9, 11, 17-20].

The nanowire geometry does, however, have its own additional shortcomings. Self-
organized nanowires from bottom-up epitaxy inevitably suffer from variability in nanowire
size (diameter and length) or composition that are extremely sensitive to growth condi-
tions and the surrounding environment. Negative contributions from surface effects are also
emphasized in nanowires, including the surface depletion layer [21], and inhomogeneous lat-
eral strain profile [22, 23]. Luminescence spectroscopy demonstrates that emission peaks
from nanowire ensembles are very broad compared to conventional thin film structures [17].
The emission from a nanowire ensemble represents a superposition of spectra from single
nanowires, thus the broad linewidth is likely caused by slight fluctuations in emission char-
acteristics between individual nanowires related to composition and/or strain. It is therefore
necessary to carry-out luminescence spectroscopy on single nanowires, in order to truly in-
vestigate the physical origin of spectral features.

Single nanowire spectroscopy, such as micro-photoluminescence or cathodoluminescence

in a scanning electron microscope, can be technically challenging, let alone have sufficient
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spatial resolution to gain information on the internal structure. Based on these considera-
tions, it is advantageous to perform such investigations in a scanning transmission electron
microscope where the high spatial resolution and the available analytical signals can provide
additional insight. The correlation of optical properties to structural and chemical informa-
tion at the nanoscale can uncover mechanisms governing the luminescence characteristics in

individual InGaN/GaN nanowire heterostructures.

1.1 Thesis Overview

This thesis is structured as follows. To begin, the background fundamental concepts un-
derlying this work are introduced in the remainder of Chapter 1. Namely, the discussion
covers the usage of III-N materials for LED device application from a historical perspective,
crystal structures of IT1I-N semiconductors, spontaneous and piezoelectric polarization fields,
effects of ternary InGaN alloys on carrier localization, as well as fundamentals of scanning
transmission electron microscopy.

The experimental results portion of the thesis starts in Chapter 2 with discussions on
the relationship between strain state and indium incorporation during the growth of In-
GaN/GaN dot-in-a-wire heterostructures. After which in Chapter 3, atomic-level chemical
ordering of InGaN alloys are thoroughly investigated in similar InGaN/GaN dot-in-a-wire
heterostructures. Steering towards local luminescence properties from cathodoluminescence
spectroscopy, Chapter 4 encompasses the correlation of structural and chemical properties to
optical properties in individual InGaN/(Al)GaN dot-in-a-wires. Shifting gears in Chapter 5
to focus on AlGaN p-i-n homojunction nanowires, where the influence of sub-nanoscale al-
loy (in)homogeneity on carrier localization varying with Al-composition is examined. Lastly,
Chapter 6 summarizes the conclusions from this thesis and gives a future perspective beyond

this work.

1.2 III-Nitride Materials for Light-Emitting Diodes

Wide-bandgap GaN and Ga-rich InGaN ternary alloys, with bandgap energies covering the
near-ultraviolet (UV) to the blue-green, is the primary material system currently dominating
solid-state lighting and laser diode technologies. The group IIl-nitride materials system as
a whole has enormous potential in the application of optoelectronic devices [I]. As their
direct bandgap energies can span from the infrared (IR) to the deep within the UV wave-
lengths [24], ranging from 0.64 eV for InN, 3.42 eV for GaN, to 6.2 eV for AIN as shown in

Figure 1.1. A variety of devices that II1I-N based compounds have received tremendous inter-
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From Schubert [25].

est for includes colour-tunable light-emitting diodes (LEDs) and laser diodes, photocatalytic
generation of hydrogen gas, and photovoltaics. Particular emphasis has been placed on ITI-N
materials to improving the efficiency and longevity of solid-state lighting devices and display
technology [1]. The bandgap of InGaN alloys can provide complete coverage of the entire
visible spectrum, thereby offering the possibility to fabricate full-colour optical devices with
high quantum efficiency and tunable continuously-direct bandgaps within a single material
class. However, there are still a number of fundamental obstacles that make the realization

of In-rich InGaN in the active region of devices challenging.
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The first report of ITI-N materials for successful commercially-viable application as LEDs
was the use of InGaN in the active region as the first high-efficiency blue LED by Nakamura
et al. [26]. Since then, this class of materials has attracted a lot of attention for lighting
application alone, as it has a broadly appealing range of optical properties. A majority of
the commercially important LEDs in the visible to IR spectral range (~450 — 1500 nm) are
made of III-V compound semiconductor thin films, and the evolution of their performance
is illustrated in Figure 1.2. Aside from needing the large direct bandgaps to achieve the
desired emission wavelengths for enhanced emission efficiency, high reliability, stability and
high speed are also desirable properties for commercial application. III-N materials also
exhibit very strong chemical bonding that makes them resilient against degradation under
high current injection conditions and intense light illumination (common within the active
regions of the device) [1].

The external quantum efficiency (EQE, the ratio of photons generated per injected elec-
tron) of LEDs for multiple II1I-V compounds (both phosphides and nitrides) suffer a signifi-
cant drop at the green wavelengths (see Figure 1.3). Ironically, the 500 — 550 nm wavelengths
in the yellow-green part of the visible spectrum coincide with the peak of the human eye
sensitivity response [27], and has been dubbed the “green gap”. The loss in quantum ef-
ficiency of green emission in III-Ps, namely GaP and AlGalnP, is due to the material’s
indirect bandgap and the direct-indirect bandgap transition from additional alloying with
AIP and GaP, respectively. This makes GaP and AlGalnP devices more susceptible to ther-
mal quenching of emission because electrons can be thermally excited into the secondary
indirect gap valley, limiting the practical range to orange wavelengths. Additionally this

quaternary system is also sensitive to atomic-ordering, where the non-random distribution
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Figure 1.3: Overview of luminous efficiency of visible LEDs made from arsenide, phosphide, and nitride
materials at room-temperature. From Schubert [25].
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Table 1.1: Lattice parameters [30], thermal expansion coefficients for wurtzite binaries of AIN, GaN, InN
[29], and common substrates such as sapphire, SiC and Si [31].

Parameters AIN GaN InN Sapphire 6H-SiC Si
a (A) 3.112 3189  3.545  4.758 3.08  5.4301
c (A) 4982 5185  5.703 12991 1512  (cubic)
Aa/a (1079/K) 4.2 5.6 3.8 7.5 4.2 3.59
Ac/c (1079 /K) 5.3 3.2 2.9 8.5 4.68  (cubic)
of cations within the lattice can lower the effective bandgap [28]. The drop in efficiencies for

emission at green and longer wavelengths in InGaN is attributed to multiple factors, some
of which are growth-related and/or intrinsic to the material properties. This includes the
spinodal decomposition of In-rich InGaN (¢f. Section 1.4), polarization-induced quantum-

confined Stark effect (¢f. Section 1.3.4.3), and non-radiative recombination at native defects

[29].

1.2.1 Group III-Nitride Material Growth Issues

Although GaN-based optoelectronic devices have already been commercialized with great
success, such as the widespread use of a 405 nm “blue” laser diode in the Blu-ray optical
storage media technology and phosphor-converted white LEDs by combining high-brightness
blue InGaN LEDs with cerium-doped yttrium aluminum garnet (YAG:Ce) phosphors; some
fundamental issues remain unsolved. A major limitation is the availability of suitable sub-
strates for facile good quality crystal growth. Existing device structures of III-N materials
are typically grown as planar thin films on costly substrates as no single lattice-matched
native substrate of sufficient size exists. Firstly, the growth of nitride materials are done at
high temperatures due to their strong chemical bonding nature, limiting the choice of suit-
able substrates to those that are stable at such elevated temperatures. Secondly, the most
commonly used substrates, sapphire (a-AlyO3) and silicon carbide (6H-SiC), are highly mis-
matched in lattice parameters and thermal expansion coefficients with the nitride materials,
as summarized in Table 1.1. Therefore the large lattice mismatch induces high dislocation
densities or accumulation of thermal stress that leads to severe cracking. To this day, the
combination of the two aforementioned challenges still contributes to the difficulty in growing
high-quality epilayers of ITI-N materials.

The first nitride thin films had rough surfaces and cracking that were attributed to
three-dimensional nucleation, due to the poor coverage and wetting of the substrate dur-
ing growth. Two-dimensional growth mode was achieved after the introduction of a low-

temperature growth of AIN as a buffer layer [32, 33]. Nevertheless, the resulting epilayers
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have a high density of structural defects, including threading dislocations and stacking faults
(more details in Section 1.3.3), both of which are known to have detrimental effects on opto-
electronic properties of semiconductor materials. Despite these negative predictions, efficient
GaN-based LED structures with dislocation densities as high as 10'°/cm? (six orders of mag-
nitude higher than other materials typically used for LED application) have been reported

[1] , showing a significantly higher tolerance to dislocation density.

1.2.2 Device Challenges

The prospects of GaN-based materials as high-efficiency and high-brightness LEDs were
recognized early on. However, research advancement was greatly hampered for many decades
due to the combination of two attributes: i) the lack of p-n junctions due to poor p-type
doping in ITI-Ns, and ii) poor crystalline quality due to the lack of native substrates. Several
key breakthroughs in areas of materials design, synthesis, and fabrication of ITII-N system re-
ignited research activity in GaN-based LEDs and laser diodes. For the former, this includes
the successful demonstration of low resistivity p-type doping in GaN by activation of Mg-
dopants induced by low-energy electron-beam irradiation (LEEBI) [34], and the eventual
more reliable and reproducible method of dopant activation under high-temperature thermal
annealing at 900 °C in a Ny atmosphere [35]. For the growth of GaN on sapphire (0001)
substrates by metalorganic chemical vapour deposition (MOCVD), the implementation of a
two-step growth method involving a low-temperature AIN [32, 33] or GaN [306] buffer layer,
the development of a two-flow MOCVD reactor to increase reactant flow to the growth

surface [37], were pivotal to improving crystalline quality and wafer uniformity.

1.2.2.1 Physics of Semiconductor LEDs

LEDs as well as laser diodes fall under the general class of optoelectronic devices, in which an
electrical-to-optical signal conversion is made possible by a p-n junction. LEDs emit spon-
taneous radiation, while laser diodes emit stimulated emission under suitable forward bias
conditions. Under forward bias, electrons from the n-side and holes from the p-side of the
p-n junction are injected into the junction. Recombination of these minority carriers with
the majority carriers at the p-n junction produce a photon with energy corresponding to the
bandgap of the semiconductor as per Figure 1.4. Such a process that generates light emis-
sion by electronic excitation is called electroluminescence, contrary to the thermal radiation
of the tungsten filament in incandescent lamps and plasma discharge in fluorescent lights.
The electronic transition pathways that lead to light emission are via a radiative recombina-

tion process, which is simultaneously competing with parallel non-radiative recombination
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processes that can produce phonons or heating of the lattice. The main types of radiative
recombination processes include band-to-band recombination, the dominant mechanism in
direct bandgap semiconductors, excitonic recombination, and the capture and recombination

of electrons and holes at highly localized luminescent (impurity) centres.

(a) (b) p-n Junction (c) Forward Bias
CB CB

p-type n-type VB

ptype Yo n-type

Figure 1.4: (a) Band structure of p- and n-type. Energy band diagram of p-n homojunction (b) under
zero bias with Fermi level (Ep) aligned, and (c) under forward bias.

The probability for the interband radiative transition in a direct bandgap material is
high because the conduction band minima and the valence band maxima have the same
momentum, such that momentum is conserved upon recombination. Excess carrier density
of electrons and holes must be equal to maintain charge neutrality after continuous injection
of carriers. Therefore the excess carrier density AN is found to decrease exponentially from
an initial excess carrier density AN, with time relative to a characteristic recombination
lifetime 7 shown in Equation (1.1). The recombination lifetime contains both a radiative
lifetime 7, and non-radiative lifetime 7, shown in Equation (1.2). The internal quantum
efficiency (IQE, 7;,,;) is defined as the fraction of excited carriers that recombine radiatively
to the total recombination, and can be expressed in terms of the ratio of the radiative to
total recombination rates as given in Equation (1.3). It is desirable to have a short 7, and

long 7, such that the quantum efficiency approaches unity.

t
AN = AN, exp( - —) (1.1)

T

1 1 1
- 4 1.2
T T + T (1.2)
7! Tor

Nint = - (13)
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1.2.2.2 Efficiency Droop

The internal quantum efficiency (IQE) can also be defined as the fraction of carriers in the
active region that recombines through the process of photon emission [35]. Another relevant
benchmark measure for LED efficiency is the external quantum efficiency (EQE)—the ratio of
photons out per injected electron. EQE (7.¢) is the product of the current injection efficiency
Ninj, radiative efficiency 7;,:, and light extraction efficiency 7, [27]. The current injection
efficiency 7;,; is defined as the fraction of injected current that recombine in the active region
[27]. Tt is typical of LEDs of ITI-N materials, which is unlike other materials that have longer
wavelengths, to experience a drastic decrease in its IQE (and EQE) with increasing injection
current. This effect is known as the efficiency droop [39], where IQE peaks at low pump
currents (<10 A/cm?), followed by a significant gradual drop with increasing current density.
This means that with increasing current densities, the number of carriers participating in
non-radiative recombination increases more drastically than those participating in radiative

recombination [35].

1.2.2.3 Auger Recombination Losses

Auger recombination in InGaN QWs has been a favourable proposed mechanism for effi-
ciency droop, and regarded as the primary non-radiative recombination path for carriers
at typical LED operating currents [10]. Auger recombination is associated with the loss of
carriers to the dominant direct intraband process, and other indirect phonon-, disorder-,
defect-assisted processes. However, the Auger losses through all the aforementioned means
are debatably too weak, and their rates too low, to be responsible for the droop [38]. Further-
more, the evidence of relatively defect-free InGaN nanowires that show little to no significant
droop up to 400 A/cm? [11]. This hinted at the presence of defects in planar quantum well
(QW) structures, as well as the presence of local accumulation of carriers from an inhomoge-
neous indium distribution and QW width fluctuations [!] to be contributing factors during
carrier delocalization. The thermal activation of defects with increasing temperature and
trends in IQE that follow have also been reported and modeled according to a proposed
density-activated defect recombination mechanism [38]. The model suggests that Auger
losses decrease strongly with temperature, which is contrary to the intuitive assumption ac-
cording to the usual temperature-activated dependence. More recent evidence of detecting
Auger-electron emission concurrent to the onset of droop in InGaN/GaN LEDs [12] further

supports Auger recombination as the dominant mechanism of efficiency droop.
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1.2.2.4 Electron Leakage

Leakage of electrons away from the active region would mean that they do not recombine
with holes, let alone recombine radiatively. Polarization fields common in ITI-N heterostruc-
tures lead to bending of the band edge potentials, allowing for the thermionic escape of
carriers from the QW into the barrier layer. The much larger hole effective mass in com-
parison to electron effective mass in III-Ns dictates that the major contributor to carrier
leakage will be from electron leakage [13]. Remedies for this problem include the introduc-
tion of a higher band gap material as an electron-blocking layer between the active regions
and the origin of the holes in the p-doped region. The use of a multilayer structure (e.g.
InGaN/AlGaN/InGaN) as barrier layer for InGaN QWs, in order to cater to appropriate
carrier mobility dominance has also been suggested [11]. InGaN and AlGaN possess higher
electron and hole mobility, respectively, and therefore appropriately modifying the energy

band to minimize the serious energy band tilting in the case of GaN barriers.

1.3 III-Nitride Semiconductors: Material Properties

This section will give an introduction to some of the basic material properties of III-N
semiconductors underlying the work presented in this thesis. Starting with the crystal struc-
ture and related structural properties, physical properties directly arising from the crystal
symmetry, such as the spontaneous and piezoelectric polarization, are introduced. In het-
erostructures, where polarization discontinuities lead to internal electric fields, which then

manifest themselves into the quantum-confined Stark effect.

1.3.1 Crystal Structure

All group ITI-N compounds can exist in either of two polytypes at ambient conditions, the
more common thermodynamically-stable hexagonal wurtzite, and the metastable cubic zinc-
blende (also known as sphalerite) crystal structure [31]. The latter cubic structure is anal-
ogous to the diamond crystal structure that group IV elements (such as Si and Ge) adopt.
The wurtzite and zinc-blende structures are closely related in their bonding and electronic
properties, differing only in the bond angle of the second nearest-neighbour. Crystallograph-
ically, both structures differs from that of diamond structure in that the two interpenetrating
sublattices are exclusively occupied by one of the group III or V elements. Both crystal struc-
tures exhibits tetrahedral coordination and has the same configuration of nearest neighbours
of the opposite element. Similar to other face-centred cubic and hexagonal close-packed

structures, the {111} and (0001) planes are the closest packed planes with stacking sequence
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of ABCABC and ABABAB, respectively.

The wurtzite structure, with basis vectors and coordinate system directions and common
crystallographic planes indicated, is represented in Figure 1.5. The hexagonal unit cell is
described by two basis vectors, a and ¢, the basal and axial lattice parameters, respectively.
Within the primitive cell (dotted black line in Figure 1.5(a)), group IlI-atoms are situated
at (0,0,0) and (%,%,%) positions, while there are N-atoms at (0,0,u) and (%,%,%—ku). The
unit cell-internal parameter, u, describes the interatomic distance between the anion and
cation sublattice units, and is approximately g. The product of uc is defined as the group
ITI-to-group V (cation-anion) bond length along the c-axis direction. The internal parameter
u and axial ratio ¢/a can characterize the slight deviation from an ideal tetrahedron (with
most dense hexagonal hard sphere packing) in the wurtzite structure. An ideal value of

3 _

u=3; =037 o0rc/a= % = 1.633 makes the next nearest tetrahedra the same between

wurtzite and zinc-blende structures [27].

(b) a-plane (1120) (c) m-plane (1100) (d)
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Figure 1.5: (a) Crystal structure of wurtzite GaN unit cell showing basis vectors, a, ¢, u, and its primitive
cell outlined in dotted black line. (b) Atomic arrangement of a- and m-plane orientations of GaN. (c)
Schematic illustration of various relevant crystallographic planes in a hexagonal unit cell.

Waurtzite and zinc-blende structures belong to point groups that lack inversion symmetry
(or referred to as non-centrosymmetric), such that one or more polar axes exist. Because
of this, the bonds are considered polar, meaning [0001] and [0001] directions in wurtzite (or
orthogonal directions such as [110] and [110] in zinc-blende) are not equivalent. Consequently
the polarity of the material can be designated based on the bonding from the group III to
the group V element. The 6mm point group of the wurtzite crystal implies that its polar
axis lies along the c-axis perpendicular to the basal plane, which is the most common growth
direction for wurtzite-GaN. Non-polar a- and m-planes, and semi-polar pyramidal planes (s-

and r-planes) indicated in the hexagonal unit cell in Figure 1.5(c) have also been utilized as
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growth surfaces.

1.3.2 Crystal Polarity

Non-centrosymmetric crystal structures exhibit different sequence of atomic layering along
opposite directions parallel certain crystal axes, allowing crystal polarity to be observed.
Polarity in the wurtzite crystal structure of III-N materials refer to the bond directionality
of the ITII-N bond collinear to the c-axis within the unit cell. The conventional notation
designates the vector from Ga-atom to the nearest-neighbouring N-atom as [0001], such that
a structure with growth direction of [0001] is denoted Ga-polar, or Ga-face (Figure 1.6(a)).
Conversely, a structure with growth direction of [0001] is denoted N-polar, or N-face (Fig-
ure 1.6(b)) [15, 16]. The resulting crystal polarity is highly dependent on a combination of
factors, including the growth method, choice of substrate, specific growth parameters, the

use of buffer layers [17], as well as geometry (planar thin film, or nanowire) to some extent.

(a) Ga-face Oca N-face (b)
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Reliable methods for polarity assignments in compound semiconductors with (scanning)
transmission electron microscopy ((S)TEM) include convergent beam electron diffraction
(CBED) with the use of simulated CBED patterns for comparison. Direct STEM-high-angle
annular dark-field (HAADF) imaging of the dumbbells (atomic pairs of opposite ionicity) is
possible in compound semiconductors with high-Z (atomic number) elements like GaAs and
Zn'Te; low-Z elements are typically not resolvable using the Z-contrast dependent imaging
HAADF mechanism. More recently, annular bright-field (ABF) imaging, beneficial for imag-
ing light elements, has been demonstrated as an effective technique for the local assignments

of polarity in compound semiconductor nanowires with low-Z constituents, such as AIN,

GaN and ZnO [18, 19].
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1.3.3 Formation of Extended Defects

One of the biggest challenges in the epitaxial growth of group III-N semiconductors are the
resulting structural defects. This is mainly due to mismatches in lattice parameters between
the substrate and film, as well as mismatches in thermal expansion coefficients that become
a larger contributing factor at high growth temperatures. ITI-N thin films are known to have
notoriously high dislocation density as a result, up to 10'° cm™2 [50]. Despite of this, ITI-N
thin film electronic devices have been able to achieve high quantum efficiencies, such that
there are reasons to believe the influence of dislocations on device performance is smaller than
expected [51]. Existing commercial devices do have difficulties achieving sufficient efficiencies
in the yellow-green wavelength region, because of the hardship in obtaining high crystalline
quality of high indium composition InGaN [52]. The reasons for this unusual phenomenon
are still not fully understood and a topic of debate.

Other higher-dimensional extended crystalline defects tend to occur along the closest
packed c-planes of (0001), such as basal plane stacking faults (BSFs), or the related, twinning.
BSFs are interruptions in the ABABAB stacking order in the (0001) planes, which are
generally the fastest growth planes and the growth direction of the nanowires in most cases.
Depending on the interruption, BSFs can be classified into different types under the two
main categories of intrinsic (I) or extrinsic (E) [53]: Ij-type with ABABABCBCBC, Iy-
type with ABABABCACAC, I3-type with ABABCBABA, E-type with ABABCABAB. The
introduction of an I;-, Is- or E-type BSF induces a zinc-blende-like inclusion, in the sense that
the stacking order resembles a zinc-blende (111) ABCABC stacking. The formation energy
of I;-type BSFs are the lowest (10 meV and 19 meV per unit cell area for GaN and InN,
respectively [54]). Therefore thermal fluctuations and other growth-related instabilities could
easily overcome the thermodynamic barrier and cause BSF formation. Twins correspond to
rotational defects, in which the structure is mirrored (180°) about a (0001) and {111} habit
plane in wurtzite and zinc-blende structures, respectively. Mg-doping has been shown to

have adverse effects on the formation of BSFs and twins within GaN nanowires [55].

1.3.4 Spontaneous and Piezoelectric Polarization Fields
1.3.4.1 Spontaneous Polarization

Group III-N compounds are unique amongst group III-V semiconductors due to the small
size of the N-atom, and hence has the largest electronegativity within the group V elements.
With nitrogen as the anion, ITII-N compounds have strong covalent bonds that are ~20%
shorter than other ITI-Vs [50], thus the metal-nitrogen bond has a highly ionic character.

Their low-symmetry wurtzite structure and non-centrosymmetry in addition, results in a
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Table 1.2: Lattice parameters [30], axial ratios (ideal value ¢/a = 1.633), internal parameters (ideal value
u = 0.375), Born effective charge, calculated spontaneous polarization, and piezoelectric coefficients [60] for
wurtzite binaries of AIN, GaN, InN.

Parameters AIN GaN InN

a (A) 3.112 3.189 3.545
¢ (A) 4.982 5.185 5.703
c/a 1.601 1.626 1.609
u 0.380 0.376 0.377
7Z* (e) —2.70  —2.72  -3.02
Py, (C/m?) —0.081  —0.029  —0.032
e31 (C/m?) -0.60  —0.49  —0.57
e33 (C/m?) 1.46 0.73 0.97

large non-zero macroscopic polarization along the polar [0001] direction even in equilibrium
under no strain. Spontaneous polarization is due to the abrupt change in electronegativity at
heterointerfaces. Each unit cell contains a charge dipole due to the spatial separation of the
electron cloud negative charge (which is closer to the N-atom) and the nuclei positive charge,
which does not normally manifest in the bulk as neighbouring unit cells will have dipoles
that neutralize each other. Discontinuities at surfaces or interfaces lead to dipoles that do
not get cancelled out, forming bound sheet charges. In a finite slab of strain-free GaN, the
Ga-face and N-face surfaces develop a negative and positive sheet charge, respectively, such
that the spontaneous polarization vector P, is negative and thus points towards the [0001]
direction [57].

Asymmetric atomic positions within the wurtzite structure also plays a role in the physical
origin of the spontaneous polarization. However in actuality, even within an ideal wurtzite
structure, non-vanishing spontaneous polarization is still allowed based on symmetry [58, 59],
with calculated values not negligible. Cubic zinc-blende structure on the other hand has zero
spontaneous polarization in an infinite bulk by definition, and regarded as a reference state.
Among the ITI-N system, the deviation of the ¢/a ratio or internal parameter u from the ideal
ratio in wurtzite structure makes them more susceptible to spontaneous polarization because
of the further separation of the positive and negative charge barycentres. Hence the larger
this deviation (c¢/a gets shorter, u gets longer), the stronger the spontaneous polarization,

as demonstrated in the P, values increasing from GaN, InN to AIN in Table 1.2.

1.3.4.2 Piezoelectric Polarization

In addition, heterostructures of these polar materials often tend to exhibit uncompensated

strain due to lattice mismatch. When grown along a polar axis, as they generally are, such
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strain fields will induce piezoelectric polarization because of the lack of inversion symmetry
[61]. Piezoelectric effects in non-centrosymmetric materials such as III-V compound semi-
conductors can generate internal electric fields, which play a role in the resulting optical
properties. This type of phenomenology has been well studied in strained QW layers, and

the symmetry of the QWs makes the evaluation of the strain-induced electric field and its

effect on the confined electronic states more straightforward [15, 62].
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Figure 1.7: Schematic representation comparing various (a, b) AlGaN/GaN and (¢, d) InGaN/GaN
heterostructures and the resulting directions of spontaneous polarization and piezoelectric polarization (when
applicable) based on the different strain states and crystal polarity. The polarization-induced sheet charge
is also indicated. The length of the polarization arrows represent the relative magnitudes.

Calculated values of spontaneous polarization, piezoelectric coefficients for the three bi-
nary ITI-Ns using the Berry-phase approach [60] are summarized in Table 1.2. Tt should be
noted that the piezoelectric constants of III-Ns follow the same sign as II-VI compounds
but opposite to other III-Vs, and are about an order of magnitude larger than all other
ITI-V and II-VI compounds. The former can be explained by the high ionicity of III-Ns,
as manifested in the large values of effective charge Z* Piezoelectric polarization can be
calculated from theory with known values for piezoelectric coefficients, elastic constants,
strain along the c-axis, and isotropic in-plane strain. The sign of the resultant piezoelectric
polarization, in conjunction with the polarity of the strained layer, dictates the direction of
the induced piezoelectric field. The directions of spontaneous and piezoelectric polarization
may or may not oppose each other, depending on the strain state of the heterostructures, as
shown in Figure 1.7. In general relative terms, spontaneous polarization dominates over the
piezoelectric polarization in AlGaN/GaN heterstructures, while spontaneous polarization is
relatively small in comparison to the sizable strain-induced piezoelectric polarization in In-
GaN/GaN heterostructures. It is important to note that thermal stresses from the differences

in thermal expansion coefficient between the epilayer and substrate can also contribute to
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Table 1.3: Rules for defining jk in tensor notation by j in matrix (Voigt) notation, and z,y,z Cartesian
coordinate notation for the strain and stress tensor.

Tensor Notation jk 11 22 33 23,32 13,31 12,21
Matrix Notation j 1 2 3 4 5 6
Cartesian Coordinate Notation T Yy 2z Yz Tz Y

the piezoelectric effect within III-N materials.

The components of piezoelectric polarization vector P/ (i = x,y,z) can be related to
the stress tensor oj; by Equation (1.4) in tensor notation, where d;;), is the piezoelectric
moduli tensor (with units of pm/V). Matrix notation can be used to simplify the description
such that oj; is redefined by o; as per Equation (1.5) and Table 1.3. Point group (6mm
for wurtzite) symmetry operations reduce the non-vanishing components of d;; to five, only
three of which are independent components (ds;, dss and di5) and in matrix form becomes

Equation (1.6).
3
PP =" dijoj (1.4)

PP = Zdijgj (1.5)

j=1
01
g
P 0 0 0 0 dy 0\] °
z 03
Prl=(0 0 0 ds 0 0 (1.6)
g
PP dy, dy dy 0 0 o) [
05
O¢

Stress and strain can be interchanged in the piezoelectric polarization vector PP*) as
stress o;; and strain e are related by Hooke’s law (Equation (1.7)), where Cjjy is the
stiffness tensor (more commonly referred to as elastic constants). Symmetry of the 6mm
point group reduces the stiffness tensor to a 6x6 matrix with 12 non-vanishing components
made up of five independent elastic stiffness constants (Cy1, Cia, Ci3, C33 and Cyy) as
shown in Equation (1.8). Using Equation (1.6) and Equation (1.8), the relationship between
piezoelectric polarization P/” and strain ¢;; can be expressed by a matrix of piezoelectric
coefficients e;; as shown in Equation (1.9). For a hexagonal structure, the relationship
between the non-zero piezoelectric modulus and coefficients are listed in Equation (1.10).

Conversion between the tensor notation, matrix (Voigt) notation, and the z,y,z Cartesian
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coordinate system commonly used to describe lattice strain is detailed in Table 1.3.

045 = Uijki€kl (1-7)
01 Cii Cip Ciz 0 0 0 €1
) Ci2 Ciy 013 0 0 0 €2
Ci3 Ci3 C 0 0 0
o3 _ 13 13 33 €3 (1.8)
04 0 0 0 Cu 0 0 €4
05 0 0 O O 044 0 €5
O¢ 0 0 0 0 0 %(CH - 012) €g
EZ‘:U
€
PP* 0 0 0 0 e5 0 " €15€2s
6ZZ
PQPZ = 0 0 0 €15 0 0 = €15€y2 (19)
€ z
PY* es1 ez ez 0 0 0 Y e31(€zz + €yy) + €336
€:EZ
€xy

6
Crl = Z dijjl; k= 1, 2, 3,l = 1, ey 6

j=1
es1 = (Ch1 + Cha2)ds + Chzdss (1.10)
es3 = 2C3d31 + Csadss

€15 = 044d15

PZQOOH — 631(€$x + 6yy) + €33€;2 (1.11)

The strain tensor in Equation (1.9) encompasses normal components €,;, €,,, €., and
shear components €y, €., €,.. It is a sufficient approximation to neglect the shear strains
in the case of epitaxial growth along low-index orientations, leaving only PY* along the
polar c-axis direction (Equation (1.11)). For instance, a thin film with relaxed (equilibrium)
lattice constant ag is grown coherently strained on a lattice-mismatched substrate with lattice
constant ag just along the [0001] direction, such that the deformed lattice constant a = as.
Assuming pseudomorphic growth (such that biaxial strain approximation holds with out-of-

plane stress o,, = 0), if the in-plane strain is isotropic, it is given by:
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€z = €yy = (@ — ap)/ag (1.12)
Ci3
€rp = —2— €4 1.13
s (1.13)
C
seudo __ 13
sz = 263393(631 — 6330—33) (114)

In the case where ag > as, the in-plane strain is compressive, and the out-of-plane strain
€. is tensile due to the Poisson effect related by Equation (1.13) through elastic constants.
The pseudomorphic biaxial strain conditions allows to simplify the piezoelectric polarization
to Equation (1.14) as a function of only the in-plane strain, piezoelectric coefficients, and
elastic constants. Other possible stress state conditions that can be considered include

uniaxial (o,, = oy, = 0) and hydrostatic stresses (0.4, 0yy, 0.2 # 0).

1.3.4.3 Quantum-Confined Stark Effect

Electric field effects induced by spontaneous and piezoelectric polarization can exert a sub-
stantial influence on the concentration, distribution and recombination of free carriers in
strained group III-N heterostructures. Observations of Franz-Keldysh-oscillations and Stark-
effects in InGaN/GaN and AlGaN/GaN QW structures provide direct evidence for the pres-
ence of strong electric fields caused by gradients in spontaneous and piezoelectric polariza-
tion. These fields significantly influence the distribution and lifetime of free carriers in InGaN
and GaN QWs and can have an important impact on the performance of AlGaN/GaN and
InGaN/GaN based optoelectronic devices. For light-emitting applications, fast radiative re-
combination rates are highly beneficial, however strong polarization fields in ITI-N materials
are susceptible to the quantum-confined Stark effect (QCSE) [1]. The QCSE suggests that
electric fields perpendicular to the dimensionally-confined direction changes the potential
shape the carriers are subject to, pulling the electrons and holes towards the opposite sides
(of the QW, for example, as shown in the schematic in Figure 1.8). This spatial separation
of electron and hole wavefunctions in nanostructures reduces the net energy of an electron-
hole pair, corresponding to a Stark shift in the exciton absorption [(3]. In addition to an
observed redshift of the interband transition energy, there is also a strong reduction in the
transition oscillator strength (probability of radiative recombination), which leads to an in-
creased radiative recombination lifetime and hence compromises the recombination rate [(4].
The transition energy redshift increases with QW thickness, but can also become diminished

at increased carrier density within the QW that screens the internal electric field [1].
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Time-resolved photoluminescence measurements have been used to demonstrate that the
QCSE is greatly reduced in nanowire heterostructures compared to two-dimensional QWs,
as explained by a reduction in the piezoelectric polarization in the nanowires [61]. It has
been shown using tight-binding methods, that internal fields in nanowires can be screened to
a larger extent by the charges that are pulled axially out the top of the nanowire heterostruc-
tures [05]. Spontaneous polarization and its effect on optical properties are polarity depen-
dent; therefore polarity determination is important in understanding the confinement and
localization of carriers inside heterostructures (cf. Figure 1.7). Identifying GaN nanowires
grown on Si substrates as N-polar has been crucial in confirming the predictions of charges

being pulled out from the top surface of nanowires could minimize the effects of QCSE [10].
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lence band profiles, the electron and hole
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1.3.4.4 Internal Fields and Charge Distributions in Nitrides

Due to the strong presence of piezoelectric fields in nitride heterostructures (such as In-
GaN/GaN QWs) grown along polar directions, with the combination of spontaneous polar-
ization intrinsic to the wurtzite crystal structure, the study of these internal electric fields
have been of great interest. Based on ab initio methods, the internal field strengths in iso-
lated InGaN QWs have been predicted to be as high as 15 MV /em [66]. Since the presence
of these fields can cause a separation of carriers within the active region due to the QCSE, a
better understanding of the nature and strength of the fields, as well as their effect on carrier
radiative recombination is fundamentally important. Electron holography, a TEM technique,
has been a good prospect for profiling these electrostatic potentials with high-resolution, as
first demonstrated by Cherns et al. [67].
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The total polarization P is the sum of the spontaneous polarization F;, intrinsic to the
wurtzite structure and the strain-induced piezoelectric polarization P,,. The relationship
between polarization P and the surface charge density follows Gauss’ law, such that the
bound charge density ps = —VP. If a ternary A,B;_,N layer with Ga-face polarity grown
pseudomorphic to a GaN buffer layer is considered in the following. Firstly, surface charges
can be assumed to be completely screened by charge from the ambient or charge surface
defects. At the interface of the A, B;_,N/GaN heterostructure, the abruptly changing total
polarization leads to a bound polarization charge o at the interface given by Equation (1.15).
If the polarization-induced charge density is positive (+0), free (mobile) electrons will tend to
accumulate to compensate the polarization, resulting in the formation of a two-dimensional
electron gas (2DEG) with sheet carrier concentration of ns [57]. A very large resulting
number of electrons in the range of 10*® cm™2 due to the polarization charge in the case of

AIN/GaN heterostructures is not uncommon.

P=P,+P,

0ABN/GaN = Paan — PaBn (1.15)

= (PéZN + szN) - (PZ%N + Pﬁ%N)

In the case of a single pseudomorphically-grown InGaN/GaN QW it can be assumed that
the polarization-induced charge at all surfaces are fully screened except for the GaN/InGaN
bottom and InGaN/GaN top interfaces. An electric field in the well under a constant field
approximation can be described by Equation (1.16), where €, and €, are the dielectric con-
stant and the permittivity of free space, respectively. For a set of Ingo5Gag75N/GaN QWs,
the electric field is predicted to be as large as 4.4 MV /em, which would cause severe band
bending to turn the potential distribution from the otherwise square to triangular. A repre-
sentation of such a QW structure, relating the growth polarity, strain, polarization charges
and the polarization-inducted electrostatic fields Fj, is sumarized in Figure 1.8. The large
InN/GaN lattice mismatch (Aa/a = 11%) makes the piezoelectric polarization dominant,
leading to a polarization field that points from the top to the bottom interface (along [0001]).
The inclined band profile causes the QCSE, leading to the spatial separation of the electron
and hole wavefunctions to opposite sides of the quantum well. In addition, the inclined
band profile also leads to a redshift of the transition energy, which is dependent on the band
discontinuity and band-offset ratio (AEc:AEy) that influence the confinement potentials

for electrons and holes.
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ptotal total total

Byl = _ ZGaN ~_ “ InGaN 1.16
i eo(elnGaN — 1) — “¢q(elnGaN — 1) (1.16)

1.4 Alloy Effects on Physical Properties

Chemical properties like the composition affect the lattice parameter of a semiconductor
alloy, which can be scaled roughly by the use of Vegard’s law. Composition can then also
indirectly contribute to the strain of a system, particularly in heterostructures. Both com-
position and strain can be commonly measured in thin films using X-ray diffraction or Ra-
man spectroscopy; however, the contributions from the two components cannot be so easily
decoupled. While this task is more achievable at a macroscopic level in combination with
techniques such as Rutherford backscattering spectroscopy [6%], it is the variations of compo-
sition and strain on a nanometer scale that is of greater interest. Superior spatial resolution
can be achieved using various methods available from (scanning) transmission electron mi-
croscopy ((S)TEM). To investigate strain, there are diffraction techniques such as convergent
beam electron diffraction (CBED) [09] and nanobeam electron diffraction (NBED) [70], and
imaging techniques such as geometric phase analysis (GPA) [71], peak pairs analysis (PPA)
[72], and interferometry techniques like electron holography [73]. Any of these aforemen-
tioned techniques alone does not provide the ability to separate contributions from strain
and composition, as their evaluation involves the crystal lattice spacing from a reciprocal
or real-space perspective, which depends on both components. The integration of electron
holography and GPA techniques has been successful in obtaining 0.1% and 5% accuracy in

lattice strain and composition, respectively [74, 75].

1.4.1 Phase Segregation and Elemental Distribution

Elemental mapping of composition in InGaN is of special interest, as the existence of compo-
sition fluctuations as a result of phase segregation into indium-rich regions remains a topic
of ongoing debate [70, 77]. The same chemical instability is also responsible for the various
surface segregation [6%], and chemical ordering [78, 79] processes commonly observed in both
InGaN and AlGaN alloys. All of Chapter 3 is devoted to atomic-level chemical ordering in
InGaN alloys, and will be further discussed there. To achieve homogeneity in the growth
of InGaN in the form of QWs, it is desirable to try and suppress the phase separation
caused by spinodal and binodal decomposition. However, on the other hand, the strong
phase separation behaviour of InGaN can actually be advantageous when growing InGaN

QD structures [30]. Spinodal and binodal decomposition describe the phase separation of
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compounds where there is no barrier to nucleation [31], based on the minimization of the
Gibbs free energy (G) of the system. Where the binodal line denotes the absolute minima
of the Gibbs function of the system (0G/dxz = 0), but it does not dictate the spontaneous
phase separation unless the spinodal conditions (9?°G/dz* = 0, at points of inflection) are
also satisfied. Spontaneous phase separation does not occur in the positive curvature regions
of the Gibbs function (92G/dz* > 0), as this would indicate local maxima in the free energy
curve [82].

The calculated spinodal phase diagram for InGaN has been able to elucidate some insight
into the large unstable phase region from the miscibility gap at typical growth temperatures,
however, experimental reports are not in full agreement. This disagreement regarding the
experimentally observed reduction of the unstable region has been attributed to the presence
of strain, common in the growth of the lattice-mismatched InGaN/GaN system [$3]. The
influence of strain on the InGaN spinodal phase diagram (Figure 1.9), while considering
an InGaN layer grown on GaN that can be completely relaxed (0% strain) to completely
strained laterally to the GaN substrate (100%), has been calculated by Tessarck et al. [30].
These results suggest a strong dependence of the spinodal decomposition behaviour on the
strain state of the material. With increasing strain in the In,Ga;_,N layer, the miscibility
gap remains, but the critical temperature of decomposition decreases and shifts towards
higher z (higher In-content). Similar tendencies towards spinodal decomposition have also
been observed in InAIN alloys [31].

Growth temperature control is crucial in minimizing the compositional instabilities. Due

to the weaker bond energy of In—N, the In has a high mobility on the surface during growth,

1.4.1. Phase Segregation and Elemental Distribution 22



Ph.D. Thesis — Steffi Y. Woo McMaster University — Materials Engineering

and can easily be desorbed into the gas phase [30]. Since the composition can be directly
related to the optical properties, quantification of the In-content with high spatial resolution
is crucial to understanding factors that influence In-incorporation [15], and obtaining con-
trolled emission properties. Small variations in growth temperature (~20 °C) are sufficient to
enhance InGaN phase separation, leading to inhomogeneous broadening and unstable emis-
sion characteristics from the formation of clusters with higher In composition [35]. Despite
the promising bandgap ranges that can be covered by InGaN ternary alloy alone, span-
ning the near-UV to the near-IR wavelengths, there are considerable challenges in obtaining

high-quality epilayer structures across the entire compositional range.

1.4.2 Origin of Carrier Localization in InGalN Alloys

The InGaN/GaN system at various compositional ranges have demonstrated the presence
of a significant Stokes-like shift of 49 meV even at room-temperature [30], which is the
redshift of the spontaneous emission peak (from electroluminescence or photoluminescence
spectroscopy) compared to its absorption edge (from photovoltage, electroreflectance, or
photoluminescence excitation spectroscopy). It differentiates the emission from localized
energy tail states and the absorption over the high density of states (DOS) in the conduction
band, indicating that carriers or excitons involved in the radiative recombination process in
InGaN alloys take place at localized states.

Localization mechanisms in InGaN alloys occurring at varying lengthscales ranging from

the atomic-scale to few-to-tens of nanometers have been postulated [37]:

(i) Strong hole localization around —In-N-In— atomic chains and related atomic-scale
chemical ordering has been proposed in zinc-blende and wurtzite InGaN from pseu-
dopotential calculations [88, 89] and experimentally demonstrated by positron anni-
hilation spectroscopy [90]. Such —In-N-In- chains can form even within statistically

random InGaN alloys with a probability that increases with In-concentration.

(ii) Quantum dot-like In-clustering self-assembled within InGaN alloys were first confirmed
by high-resolution TEM imaging and attributed to phase instability [5, 91]. Specifi-
cally, the In-rich clusters become strong localization centres for excitons, such that the
diffusion to nearby dislocations or trapped by other non-radiative recombination cen-
tres is negligible. The hypothesis for preferential carrier capture into efficient localized
radiative recombination centres is supported by short radiative lifetimes (7,.) and long
non-radiative lifetimes (7,,) in InGaN and AlInN thin films [90].

The compositional inhomogeneity and subsequent local bandgap fluctuations has been a

controversial topic of interest. Discrepancy from other research groups utilizing different

Chapter 1. Introduction 23



Ph.D. Thesis — Steffi Y. Woo McMaster University — Materials Engineering

growth methods and conditions later argued the strong contrast fluctuations in TEM imaging
were actually electron-beam damage artifacts [77, 92]. It is expected that such local potential
minima in the energy band of the active region are responsible for the high tolerance to
threading dislocations in III-N LEDs.

Evidence of various emission behaviours has been proposed to be the outcome of radia-
tive recombination from localized states in InGaN/GaN structures, some of which will be
described in the following. Emission spectra of InGaN alloys exhibit much larger broadening
than intrinsically from alloy broadening alone [93], suggesting disorder from In-composition
and /or local monolayer QW width fluctuations [94]. It should be noted that monolayer thick-
ness fluctuations in binary III-V QWs (e.g. GaAs, InP, GaN) that exhibit no compositional
inhomogeneity can also provide localized band tail states. The large alloy broadening in
(ALIn)GaN alloys can be understood by the small effective Bohr radius of excitons (ap =~ 2.7
— 3.4 nm in GaN [1, 95]), such that excitons are extremely sensitive to local bandgap varia-
tions down to these nanometer lengthscales [96]. Additionally, significant blueshift in peak
energy has been observed using PL and EL spectroscopy as a function of excitation (power
and current, respectively) density. Taking into account the presence of polarization-induced
fields in c-plane InGaN structures, this spectral non-linearity was attributed to the com-
bined effect of Coulombic screening of the QCSE and band-filling of localized states [1]. Fur-
thermore, anomalous S-shape (redshift—blueshift-redshift) temperature-dependence of peak
PL emission energy concomitant with spectral narrowing (broadening) during the redshift
(blueshift) is characteristic of changes in carrier dynamics in the presence of band tail states.
Time-resolved PL measurements also shows increased carrier lifetimes at low-temperatures
(below the redshift-blueshift transition), providing sufficient duration for carriers to relax
down into and recombine at the lower-energy tail states caused by the potential fluctuations.
Carrier lifetimes then see a dramatic decrease in the intermediate temperature regime, ex-
plaining the peak energy blueshift and concurrent broadening on the higher energy side
07).

The very low DOS at these localized tail states could explain the large band filling effect
and weak localization at low In-composition (z < 0.15). The degree of exciton localization
enhances significantly with In-composition beyond z > 0.15 — 0.2, with deep traps (in the
order of 100 — 250 meV based on the measured Stokes-shift [953]). The spectral broadening
in this case can be attributed to inhomogeneous broadening due to size and compositional
fluctuations in the self-organized quantum dots within InGaN QW layers. As macroscopic
optical spectroscopy reflects the properties of an ensemble of such quantum dots whose
quantized levels vary with size and potential depth. The small compositional fluctuations

in the former low In-composition case leads to mobile excitons within the local potential
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minima, as the localized states would not be energetically separated from the extended

states at elevated temperatures or high injection conditions.

1.5 Group III-Nitride Nanowire Structures

Exploring these same heterostructure designs in a nanowire geometry on lower cost sub-
strates such as (111)-oriented silicon has demonstrated great success [10, 11]. The alternative
of growing devices in a nanowire geometry can lead to more improvements aside from those
that are structurally beneficial, such as the additional lateral free surface for improved strain
relaxation to minimize the density of threading dislocations. From a device design stand-
point, the growth in the nanowire morphology can also provide a new roadmap of unique
device structure design possibilities that cannot be achieved easily, let alone in one single
growth step, with the conventional planar thin film heterostructure geometry. However,
some of the existing challenges with the use of III-N materials do not necessarily disappear,
and new obstacles can arise with the introduction of a larger surface to volume ratio, such as
the increased non-radiative surface recombination and band bending near the surfaces. The
idea of introducing embedded axial heterostructures into nanowires is still at its early stages
of development, including an unclear designation as to whether such unique structures would
behave like QWs or quantum dots [64]. The electronic properties of such heterostructures
are influenced significantly by lateral inhomogeneous distribution of strain, and also carrier

concentration induced by band bending at the nanowire surfaces [99].

1.5.1 Self-Organized GalN Nanowire Growth

Semiconductor nanowires can be achieved by direct epitaxial growth (bottom-up) or by
post—growth etching (top-down) approaches. Molecular beam epitaxy (MBE), an ultrahigh
vacuum physical vapour deposition technique, is the growth method of choice for III-V
compounds as it offers a high degree of growth control, even layer thicknesses down to the
atomic-scale. A common growth method for nanowires is by vapour-liquid-solid (VLS),
where liquid metal droplets (e.g. Au, Ni, Fe) deposited first onto the substrate act as a
catalyst [100]. The liquid metal droplets get supersaturated with the source species before
it precipitates out below the droplet.

The growth of GaN nanowires alternatively can be grown spontaneously and catalyst-free,
as referred to as self-induced or self-organized growth mode [101], and has been demonstrated
on AIN buffer layers [102, 103] and on Si substrates [104, 105]. Growth parameter of V/III

flux ratio much greater than one, i.e. nitrogen-rich conditions, is used and enhances the
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axial growth rate while simultaneously suppressing the lateral growth rate [100, |. Sub-
strate temperature is another critical growth parameter, which governs both the diffusion
and the desorption of Ga atoms impinging on the substrate. The self-induced growth of
GaN nanowires in radio-frequency (7f) plasma-assisted MBE (PAMBE) is possible within
an optimal temperature range of 750 — 830 °C [108]. The growth temperature has to be
sufficiently high to promote surface diffusion of adsorbed atoms to the nanowire nuclei, but
sufficiently low to limit the desorption of atoms.

The self-induced GaN nanowire growth mechanism is a two-step process: a nucleation
phase governed by thermodynamics, followed by a kinetically-driven anisotropic growth
phase. The nucleation phase consists of a relatively long incubation period given the low
probability of GaN nucleation, during which time a few nm-thick amorphous SiN, layer forms
from the nitridation of the Si substrate [104, 105]. The nanowire nuclei takes on a hexagonal
prism shape, terminated by c-plane top surface and m-plane lateral sidewalls to minimize
surface energies [103]. The axial growth of GaN nanowires is diffusion-limited, and governed
by the differential sticking coefficients on the ¢- and m-planes [107]. Axial incorporation
occurs with adatom species from a combination of direct impingement on the top facet, and
impingement then subsequent diffusion along the sidewalls [109]. Adatoms impingent on the
sidewalls within the surface diffusion length diffuse to the top surface driven by the lower
chemical potential at the top surface [107, 109].

The availability of the reaction species is always higher near the top of the nanowire
due to the geometric position of effusion cells and plasma sources in MBE growth chambers
and shadowing effects for moderate and high nanowire densities [110]. As a consequence,
many self-induced GaN nanowires grown by PAMBE have an inversely tapered geometry,
i.e. the nanowire diameters increase along the length. Additionally, self-organized GaN
tend to exhibit random tilt and twist misorientations and in-plane rotations that inevitably
can lead to the formation of defects (low-angle grain boundaries, dislocation network) from
coalescence of neighbouring nanowires [ 11]. Self-induced GaN nanowires are found to grow
N-polar on (111)-oriented Si (or specifically on the SiN, interlayer) [16, 19]; on AIN, the
GaN nanowire growth follows the substrate polarity, and is more typically Ga-polar or of

mixed polarity [112, 113].

1.6 Scanning Transmission Electron Microscopy

Electron microscopy has played an important role within understanding the carrier localiza-
tion phenomena in InGaN alloys. The superior spatial resolution has made scanning electron

microscopy (SEM) and (scanning) transmission electron microscopy ((S)TEM) versatile char-
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acterization techniques of choice to investigate the structure, morphology and chemistry for
various materials including ITI-N semiconductors. In this section is an overview of the estab-
lished STEM techniques utilized within this thesis work, in order to provide the necessary

background for interpreting the results presented in subsequent thesis chapters.

1.6.1 Interaction of Fast Electrons with Matter

The vital electron-matter interactions in an SEM and STEM between the high-energy in-
cident electrons and the specimen undergo different events of scattering, diffraction, and
transmission. Each of which produce various types of signals, and contain a breadth of
structural and chemical information that are of particular interest. Some of the different sig-
nals that originate from electron-matter interaction events are demonstrated in Figure 1.10.
These scattering events can be further differentiated conveniently into elastic and inelas-
tic scattering processes (Figure 1.11). Elastic scattering with the atomic nuclei caused by
Coulombic forces involves negligible amount of energy transfer given the large mass difference
(Figure 1.11(a)). Elastic scattering brings about the high-energy back-scattered electrons
(BSE), diffraction, and electron channeling patterns in a crystalline solid giving rise to elec-
tron back-scatter diffraction (EBSD). Inelastic scattering involves the excitation of inner-
and outer-shell core-level or valence electrons of the target atom into higher-energy unoccu-
pied states. The energy transfer during this type of scattering event leads to the emission
of electromagnetic radiation at the energy difference between the (final) excited state and
(initial) ground state during de-excitation (Figure 1.11(b)). Inelastic scattering interactions
in a solid provide a variety of signals, including the generation of secondary electrons (SE),

Auger electrons, characteristic X-rays, and high-energy electron-hole pairs (hot carriers).
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The collection of SE, BSE, Auger electrons, transmitted and diffracted electron can be
used to form images to investigate the morphology, chemistry, and crystal structure of the
specimen. The additional characteristic X-rays and electron-hole pairs generated from in-
elastic scattering are secondary events. SE and Auger electrons are of low-energy particles
and hence have a small escape depth, and only detected from the near-surface region of
the specimen. The X-rays and Auger electrons are characteristic of the atoms involved in
the transition, and therefore can supply elemental composition information about the speci-
men. Characteristic X-rays are the signals collected in energy-dispersive X-ray (EDX) spec-
troscopy. The electron-hole pairs are generated from transitions involving electrons in the
valence band promoted into the conduction band, leaving behind a hole. The electron-hole
pairs then relax near the band-edge or any other levels within the bandgap, and can recom-
bine to emit photons (cathodoluminescence spectroscopy, detailed later in Section 1.6.4) or
phonons otherwise. The energy of the emitted photon depends on the irradiated material
and give information about its band structure. The recombination of the electron-hole pairs
can additionally provide a complementary signal of electron-beam induced current (EBIC) if
an electric field from a p-n junction or Schottky junction is present to separate the electron-
hole pairs. The EBIC signal generation is governed by the diffusion of minority carriers
to the junction depletion region, recombination at electrically-active defect sites and their
collection by drift in the electric field. Current collecting contacts made to the sample allows

the resulting current to be measured in an external circuit.

1.6.2 Imaging Contrast Mechanisms in STEM

The fairly recent development of spherical aberration (C;) correction in a TEM has revolu-
tionalized high-resolution (S)TEM imaging capabilities by compensating for the lens aberra-
tions that have plagued the spatial resolution of high-resolution imaging in both TEM and
STEM modes of operation. A C,-corrector system implemented at the probe-forming lenses
before the specimen is used to form an intense sub-Angstréom-sized probe for STEM mode,
which allows for atomically-resolved imaging. A brief overview of relevant imaging techniques
in STEM will be given in this section. The elastic scattering of incident electrons approach-
ing the atomic nuclei due to Coulombic attraction get deflected at high-angles following an
angular distribution described by Rutherford scattering. A majority of the incident elec-
trons traverse the target atom farther away from the nucleus, where the electrostatic field is
partially screened by the atomic electrons (c¢f. Figure 1.11(a)). Thus most incident electrons
scatter at typically a few degrees (10° — 10* mrad) for electrons with 100 keV energy.

The detected intensities within these angular ranges using an annular detector become
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(a) (b)

Figure 1.11: Classical particle picture showing electron scattering of a fast electron with a target atom:
(a) elastic scattering caused by Coulombic attraction by the nucleus, and (b) inelastic scattering caused
by Coulombic repulsion with the atomic electrons. In (b), an outer-shell electron is excited to a higher
unoccupied energy state, while the fast electron loses energy (E; — AE) equal to the energy gained (AE)
by the excited electron. The de-excitation is marked by the dashed arrow (and the release of an X-ray
portrayed here). Naming convention for specific transitions of characteristic X-ray emission and the energy
levels involved is also labeled.

highly sensitive to the atomic number given the Rutherford scattering approximation. This
atomic-number (Z) dependent imaging contrast mechanism, referred to as high-angle annu-
lar dark-field (HAADF), has a scattering cross-section that approximates proportionally to
~Z'5% [114]. Mass-thickness contrast also contributes to the HAADF signal intensity. The
cross-section forms an object function strongly peaked at the atomic sites, such that each
atom can be considered to be a separate scattering source, and the detected intensity is a
convolution of that object function with the probe intensity profile. Unlike the phase con-
trast transfer function of bright-field (BF) imaging (described later), the Fourier-transform
of the probe intensity (known as the optical transfer function) contains no contrast reversals
and exhibits a monotonic decay with spatial frequency. This allows for direct interpretation
of HAADF images in terms of atom type and positions (bypassing the phase problem in BF
imaging), as changes in defocus and specimen thickness does not cause contrast reversals
[115]. An annular detector is used to collect electrons scattered into a finite angular range,
typically ~100 — 200 mrad for HAADF, which is a function of the camera length in practice.
In STEM mode, rastering of a focused probe results in diffracted discs (CBED discs), with
radii equivalent to the convergence semi-angle («) of the probe, incident on the annular
detector. Signal intensity is integrated across the angular collection range of the annular
detector at each pixel of the scan raster. One of the drawbacks for HAADF imaging is the

small scattering cross-section and hence low sensitivity for low-Z elements (e.g. B, C, N). In
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the case of III-N materials, the weakly scattering N-atoms are overwhelmed by the adjacent
group-III atomic columns and usually not visible above excess background intensity with

typical HAADF imaging conditions. Only in AIN are the N-columns visible [116].
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Figure 1.12: Simplified schematic and ray diagrams of (a) a three-condenser TEM/STEM system with an
EELS spectrometer (with projection lenses and aberration correctors omitted), like the FEI Titan Cubed,
and (b) a dedicated STEM with CL detection and EELS spetrometer, like the VG HB-501 used in this
thesis. Notable scattering geometry angles (o, 81 and Ss for the HAADF detector) are also marked in (a).

Other common complementary imaging modes are accessible in STEM by varying the
angular range of collection angle () with respect to the probe convergence angle («) from the
selection of different detector geometries. Some of these detector geometries are illustrated
schematically in Figure 1.12. Collecting the transmitted electrons that have been deflected
at very low-angles (f < «a) with a circular detector produces bright-field (BF) images.
Collecting electrons that exit the specimen at low-angles but omitting the direct beam with
an annular detector produces annular bright-field (ABF) images. Electrons scattering to
low-angles tend to be more sensitive to strain-fields, as a result of the displaced atoms

along an atomic column de-channeling the electron probe. Variations of annular dark-field
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(ADF) modes which take advantage of the low-angle strain-contrast sensitivity also exist,
including medium-angle ADF (MAADF) imaging and low-angle ADF (LAADF) modes by
progressively decreasing the inner collection angle (/31). On the other hand, HAADF imaging
typically uses an inner collection angle (/3;) 2 — 3x larger than the probe illumination cone ()
to avoid dynamical diffraction effects. ABF imaging involves spanning the annular detector
within the range of the illumination cone to also contain part of the directly scattered beam
(optimally 81 = «/2, outer collection angle S5 < «) [I17]. The contrast of ABF images
is mainly associated with the s-state channeling effect (tightly-bound Bloch states), and
beneficial for the visualization of low-Z elements that often lead to low detectability in
HAADF imaging [ 18]. The resulting ABF image allows for the simultaneous visualization
of light and heavy atomic columns, which becomes useful for crystal polarity determination
of III-Vs and II-VIs. However, as the coherence effects are not completely suppressed with
contributions from the low-angle scattered electrons, the ABF image is directly interpretable

only within a narrow range of defocus [117].

1.6.3 Electron Energy-Loss Spectroscopy

Electron energy-loss spectroscopy (EELS) is an analytical technique which measures the
amount of energy lost by the fast electrons after they have undergone inelastic scattering
with atoms from the TEM specimen. The basic physical interaction can be described as the
following. Through the excitation process by the incident electrons shown in Figure 1.13,
the target electron is promoted to a higher-energy unoccupied state or into the continuum
with an excitation energy of AE. From the energy transfer, the fast electron experiences
an equivalent loss in kinetic energy (E; — AE) and is characteristic of the transition of
the target electron. Measuring the energy-loss of the inelastically-scattered electrons post-
specimen with an EELS spectrometer comprised of a dispersive magnetic prism generates a
spectrum, which consists of the probability of energy transfer at each energy-loss value.

A typical EELS spectrum (spanning 0 — 2000 eV energy range) has several notable
features that can be subdivided into different regions: i) an intense zero-loss peak (ZLP)
centred at 0 eV from elastic scattering of electrons that did not suffer any or minimal loss of
energy, ii) low-loss regime in the 0 — 50 eV energy range that involves excitations from the
valence band to conduction band, iii) core-loss regime for energy range > 50 eV that involves
ionization of core-level electrons into the conduction band (and beyond). The width (or full-
width half-maximum, FWHM) of the ZLP is used to dictate the energy spread of the electron
source and other contribution from the lens optics, and ultimately determines the energy

resolution of EELS. The low-loss region include a variety of transitions that have different
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Figure 1.13: Schematic representation of the energy-loss (—AE) of the incident fast electron (with initial
energy E;) and the energy gained (+AE) by the target electron from an inner-shell in a solid, leaving behind
a core-hole. The core-loss edge arises from transition between the the core-level to unoccupied states above
the Fermi level (Ep) and valence band (VB, grey band). The relationship between free atomic levels and
the associated bands in a solid are represented. The correspondence between the density of states (DOS)
and the energy-loss in core-loss EELS is also shown.
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physical original, including collective excitations of surface and bulk plasmons, inter- and
intraband transitions.

For core-loss EELS, the excitation appear as edges (instead of peaks), superimposed over
an intense decaying background, at a characteristic ionization energy threshold corresponding
to the core-levels for any given element. The background under the core-loss ionization
edges can be modeled using a power-law function AE~", and is removed using the standard
approach of least-squares fitting over an energy window prior to the edge of interest [114].
The core-loss EELS energy signature can be used as a means for elemental identification to
provide local chemical information about the specimen. The area under a given edge is also
proportional to the concentration of elements for the excited atom, and is useful for elemental
quantification if the scattering cross-sections are known. Furthermore, a relationship between
the excitation of target electrons into unoccupied levels above the Fermi level in the density of
states (DOS) and energy-loss measured in core-loss EELS is portrayed in Figure 1.13. Core-
loss EELS additionally has the capability to provide information on the electronic structure
for certain transition edges, as the excitation of core ionization edges effectively maps out the
density of unoccupied states. Intensity modulations, or fine-structures, in a core-loss edge
after the threshold energy (edge onset) are sensitive to the local environment about the target
atom, as shown in the N K-edges related to InGaN alloys in Figure 1.14(a). The so-called
energy-loss near-edge structures (ELNES) close to the edge onset, and extended energy-loss
fine-structures (EXELFS) from ~50 eV beyond the onset, contain valuable information on

local bonding, coordination, valence state, and charge transfer. Using AIN as an example
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in Figure 1.14(b), correspondence in the ELNES in the various core-loss edges arrowed,
namely Al K, N K, and Al L, 3, reflects the covalent bonding that involves bands made up

by characters from both elements.
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Figure 1.14: Experimental core-loss EELS edges of wurtzite III-nitrides: (a) variation in the N K near-
edge fine-structures between binary GaN and InN compared with InGaN, (b) correspondence in ELNES of
various Al (K and Lg3) and N (K) edges in AIN due to the covalent bonding. Spectra in (b) have been
aligned relative to the edge onset.

1.6.3.1 Spectrum Imaging Technique

An added benefit of STEM-HAADF imaging is that it allows for the simultaneous acquisi-
tion of other signals that are scattered directly and at low-angles, like BF an ABF imaging.
Or more importantly yielding a powerful analytical data acquisition geometry depicted in
Figure 1.12(a), the combined collection with other analytical signals such as the character-
istic X-rays with an EDX detector and the inelastically-scattered electrons with an EELS
spectrometer. This variant of the STEM-EELS imaging technique, or spectrum imaging,
involves scanning the electron probe on the sample to collect the HAADF intensity and the
full EELS spectrum sequentially at each pixel within the rastered area. Spectrum images
are obtained in the form of a datacube: a 3-D array containing structural information from
the HAADF signal in two dimensions (spatial coordinates z, y) and the full EELS spec-
trum in the third dimension (energy-loss coordinate E) at each spatial position. Such data
acquisition allows for finer spectral sampling and produces datasets where more advanced
post-processing methods can be utilized to better extract information. The strength in the
spectrum imaging technique is the point-to-point correlation of structure and property from

spectroscopy at the nanometer-scale and even down to the atomic-scale.
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1.6.4 Cathodoluminescence Spectroscopy

When a solid is bombarded by an incident radiation, that incident energy can be absorbed,
resulting in the promotion of electrons into an excited state. The excited final state E
can then relax by dropping back down to its initial state E;, coupled with the emission of
electromagnetic radiation. The luminescence process can be categorize based on the type of
excitation source, where the most common are electroluminescence (applied electric field),
photoluminescence (photon excitation), and cathodoluminescence (high-energy electrons)
[119]. The inelastic scattering interaction of the fast electrons with a semiconductor that
leads to cathodoluminescence (CL) has already been described briefly in Section 1.6.1. The
electron-hole pair generated, made up of the promoted electron and the hole left behind,
then relax near the band-edge or any other levels within the bandgap, and can recombine to
emit a photon radiatively or phonon non-radiatively. The energy of the emitted photon (hv
= E; — E;) corresponds to the electronic transition, and the probability that a photon and
not a phonon will be emitted depends on the nature of the irradiated material, presence of
impurities, and defect states.

In terms of instrumentation, a focused electron beam in a SEM or STEM is utilized
for excitation, and the emitted CL photons are collected with appropriate optics. Some of
the main components include a parabolic mirror to couple the light from inside the elec-
tron microscope column to be wavelength-dispersed by a diffraction grating spectrometer
(monochromator) before collecting with a photomultiplier tube (PMT) or CCD camera for
serial or parallel detection, respectively. Conventional serial collection with a PMT can be
carried out in different CL imaging modes: filtering at select wavelengths for monochromatic
mode (narrow bandwidth window) or bypassing the monochromator for panchromatic (all
of the emitted light) mode. CL detection systems are more commonly found integrated
within SEM, sometimes with additional temporal-resolution read-out capabilities [120], and
only in the last decade it is gaining momentum implemented within STEM [121-124]. A
schematic representation of a CL detection system within a dedicated STEM, is shown in
Figure 1.12(b).

Analogous to STEM-EELS, CL spectroscopy can also be carried out with spectrum imag-
ing acquisition to allow for concurrent multi-modal imaging capabilities in both SEM (SE,
BSE signals) and STEM (ADF, BF, even EELS signals) set-ups. CL hyperspectral imaging,
as it is more oftenly referred to, greatly improves the spectral-spatial correlative power of
the technique than the conventional monochromatic or panchromatic imaging modes men-
tioned previously. CL spectroscopy, and more specifically CL hyperspectral imaging, has
been regarded as a particularly suitable spectroscopic characterization tool for investigating

the optical properties in semiconductor nanostructures. By virtue of the nanometric elec-
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tron probe size, the material optical response can be excited locally, drastically improving
the spatial resolution beyond analogous far-field spectroscopy methods. Detectibility of CL
signals in a STEM would allow for direct optical property-structure correlation from BF
imaging for visualization of strain or defects and HAADF imaging for compositional con-
trast with improved resolution over SEM. Another advantage of STEM-CL is the smaller
lateral spreading of the electron beam due to the thin specimen thickness, which can greatly
improve the spatial resolution. In addition, the higher-energy incident electrons in STEM
experience reduced interactions with the specimen whose thickness is on the order of the
inelastic mean-free path, limiting the number of scattering events. A major challenge is the
limited CL intensity from a small volume, which manifests to a high inherent noise level in

CL hyperspectral imaging when the light is spectrally dispersed into multiple channels.

1.6.4.1 Luminescence Centres

The various radiative transitions that can lead to emission in semiconductor materials include
those intrinsic to the material, the near band-edge (NBE) emission from the recombination
of excitonic states corresponding to the bandgap of the material. The thermal distribution
of carriers in this type of interband transition between states close to the band-edges will
generally lead to a broadened emission spectrum. The probability of a direct electron-hole
pair is actually quite small, and the absorption and emission usually occurs at different cen-
tres after some carrier diffusion in their respective bands and obtain thermal equilibrium.
Additional extrinsic luminescence process is due to the presence of localized states caused by
impurities (such as donors and acceptors in semiconductors). It can involve the recombina-
tion of free carriers with trapped carriers of the opposite type (donor to free hole D°h, and
free electron to acceptor eA°), and the donor-acceptor pair (DAP, D°A°). DAPs can give
rise to a series of emission lines; aside from dependence on the binding energies of the donor
and the acceptor, the pair separation can dictate whether the emission line will be sharp and
discrete or form a continuum [119]. Electron-hole pairs that form bound excitons have their
states just below the conduction band at low temperatures. Both excitons that remain free
or bound to neutral impurity donors (D°X) or acceptors (A°X) can undergo recombination
transitions. Therefore, luminescence at low temperatures is always dominated by excitonic
emission. However, for GaN, excitonic emission can play a role even up to room-temperature,
as their high exciton binding energy (Erx &~ 26.7 meV [125]) is close to kgT = 25.8 meV at
T = 300 K.

A schematic of the various recombination pathways described is presented in Figure 1.15.
The recombination of electron-hole pairs does not necessarily lead to the emission of photons

during the release of energy. Non-radiative recombination describes such processes where the
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Figure 1.15: Schematic illustration of carrier generation and different radiative and non-radiative recom-
bination mechanisms between the conduction band (E¢) and valence band (Ey) in semiconductors. Blue
arrows: carrier generation and relaxation to the band-edge via an intraband transition. Green arrows (from
left to right): band-to-band (interband) transition, exciton decay from exciton level (Ex), free-to-bound
recombination (donor to free hole D°h, and free electron to acceptor eA°), spatially separate donor-acceptor
pair (DAP or D°A°) recombination, as well as the excitation and radiative excitation of an impurity with in-
complete inner shells like a rare-earth or transition metal element. Red arrows: non-radiative recombination
via a deep (mid-gap F;) energy level as well as through an Auger-assisted process.

energy is dissipated via alternate pathways, which are in direct competition with the radiative
processes described previously and quench the luminescence. The simultaneous emission of
a phonon, typically longitudinal optical (LO) phonon, causes a characteristic reduction in
emission energy given by the material-specific LO phonon energy resulting in phonon replicas
of the zero-phonon line. The presence of defects in a crystal often introduces much deeper
level states localized within the band gap, which have large capture cross-sections for trapping
both types of carriers and are therefore efficient recombination centres. Some of the non-
radiative recombination processes possible include: intraband transitions where an electron
is excited well above the conduction band-edge and reaches thermal equilibrium through
phonon or phonon-assisted emission, other multiple phonon emission, Auger recombination
common in high concentration of excess carriers, and recombination at surface states [119].

The radiative transition mechanism leading to photon emission through photolumines-
cence (PL) and CL are very similar, involving the same luminescent centres [119]. An
exemplary temperature-dependent PL spectra and the dependence of emission line energies
of undoped GaN grown by MOCVD in the range of T'= 9 — 250 K is presented in Figure 1.16.
PL emission depends strongly on the excitation energy, and can be used to selectively excite,
for example, only the InGaN within InGaN/GaN QWs. On the other hand, electron-beam
irradiation could excite all luminescence mechanisms, which is beneficial for high bandgap
semiconductors that would require costly optical setups. While the two methods do differ
significantly in their electron-hole pair generation process, they are effectively providing close
to equivalent spectral signatures on the carrier recombination taking place [120, ]. This

allows STEM-CL to be regarded as an appropriate below diffraction limit counterpart of PL.
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1.6.4.2 Carrier Diffusion and Spatial Resolution

The spatial resolution of CL spectrosccopy in S(T)EM is determined by three parameters
[129, 130]: i) the electron probe size (diameter of electron beam); ii) the excitation volume
in the sample from which electron-hole pairs are generated, related to the beam penetration
range; iii) the material-dependent minority carrier diffusion length. The first two factors can
be optimized within limitations, as both are a function of the acceleration voltage. Beam
spreading is directly related to the successive electron scattering events within the sample in a
randomized trajectory, resulting in electron penetration range in the order of tens of microns
for typical III-V semiconductors at incident energy Ej > 30 keV. The last factor of carrier
diffusion length is purely a material property, and can only be influenced minimally by the
operator. Carrier diffusivity, including the minority carrier lifetime (both radiative and non-
radiative components), is strongly affected by specimen temperature. Therefore increasing
temperature can improve the spatial resolution by shortening diffusion length, but trading off
signal intensity because of the increased non-radiative recombination. Thinner specimens for
STEM-CL can also experience reduced diffusion length caused by the additional likelihood
of non-radiative recombination at surface states.

Cathodo-generated carriers in a semiconductor become free to undergo diffusion away

from the site of excitation before recombining, which has adverse effects on the spatial resolu-
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tion of CL measurements. The diffusion of excess minority carriers for continuous irradiation
can be described by a differential equation of continuity in Equation (1.17) for electrons in
a p-type semiconductor, valid under low-injection conditions and when the motion of excess

carriers is purely diffusive in the absence of depletion zones or applied fields.

An

DV?*(An) — — g(r)=0 (1.17)

where D is the diffusion coefficient, An is the excess minor carrier density, 7 is the mi-
nority carrier lifetime, and g(r) is the excess carrier generation rate as a function of radial
distance. The carrier diffusion length (L) is related to the lifetime by L = v/Dr. Counter-
intuitively, the material quality has an inverse relationship with carrier diffusion length, and
hence also with spatial resolution. Better material quality with negligible structural /chemical
variations would produce emission intensity patterns smeared out by the long diffusion length
[130]. The recombination lifetime 7 contains competitive contributions from radiative life-
time 7, and non-radiative lifetime 7,,,., as already demonstrated earlier in Equation (1.2) from
Section 1.2.2.1. Alternatively, the (non-)radiative lifetime (7., 7,) can be described in terms
of the density of recombination centres (N,,, N,) and their capture cross-section (o, o, )
using the relation 7(,), = (N(n)ro(n)rVin) - Vin is the carrier thermal velocity [119]. The CL
emission rate is proportional to the radiative recombination efficiency (or IQE) n defined as
the ratio of radiative recombination rate to total recombination rate, also shown earlier in
Equation (1.3) from Section 1.2.2.1.

I(r) =1 [1 - exp( - %)] (1.18)

From the nature of electron-matter interaction, the pear-shaped interaction volume ap-
proximates well to the generation volume of charge carriers, which serves as the lower limit to
the spatial resolution in CL. The size of the interaction volume, or electron beam range R.,
can be estimated by Monte-Carlo simulations [131] or semi-empirically from the Kanaya-
Okayama expression [132]. An advantage of the higher acceleration voltage and thinner
specimens used in STEM-CL relative to SEM-CL is to minimize the lateral beam spreading
effect beyond the electron probe size that would otherwise degrade the spatial resolution
from the site of excitation. Comparatively, the excitation volume in TEM specimens is lim-
ited to only the narrow neck region in the pear shape. As such, the material-dependent
carrier diffusion length becomes the bottleneck limiting STEM-CL spatial resolution. On
the other hand, CL measurements can be used to determine carrier diffusion length (L)
in semiconductors [133-136]. This is carried out by monitoring the exponential decay of

emission intensity (I(r)) away from an emission centre approximated by the expression in

1.6.4. Cathodoluminescence Spectroscopy 38



Ph.D. Thesis — Steffi Y. Woo McMaster University — Materials Engineering

Equation (1.18), where I, is the maximum emission intensity, and r is distance from the

carrier sink.
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Chapter 2

Interplay of Strain and Indium

Incorporation

2.1 Introduction

Ternary InGaN alloys have been investigated extensively for the application of high-efficiency
light-emitting diodes (LEDs) during the last decades because of bandgap energies (0.7 eV
for InN and 3.4 eV for GaN) that can be tailored to have emission wavelengths spanning
the entire visible spectrum [137]. However, the development of device structures of group
[TI-nitride materials does experience a number of inherent growth challenges in obtaining
high-quality structures across the entire compositional range. The two major growth-related
issues are the lack of native substrates leading to a high density of threading dislocations, and
the predicted miscibility gap [138] contributing to various phase segregation processes. The
high amount of indium incorporation, necessary to achieve high In-content InGaN for longer
wavelength (green and red) emission, has also been problematic due to a compromise between
good crystalline quality and targeted emission wavelength [138]. High growth temperatures
are needed to achieve optimum crystalline quality in InGaN epilayers, but are deleterious
to efficient In incorporation since In—N bonds readily decompose at high temperatures. The
growth of ITI-N compounds in a nanowire (NW) geometry as axial heterostructures has been
a promising alternative because of their inherent strain relaxation laterally to prevent the
formation of dislocations, and thereby also have the potential for suppressing piezoelectric
polarization. Although high performance green and phosphor-free white LEDs have been
demonstrated with the use of InGaN/GaN nanowire heterostructures [3, 11, 19, 41, 52 139],
the understanding of the underlying mechanism for In-incorporation, the compositional and

strain variation, and their impact on the device performance is limited [15, —143] and
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have remained elusive.

The many intrinsic properties of In-containing I1I-V alloys, including the deviation from
ideal mixing, are due mainly to the large difference in cation covalent radii [68]. Therefore
knowledge of cation incorporation behaviours of In-based III-V heteroepitaxy by molecular
beam epitaxy (MBE), which are greatly controlled by growth kinetics [9], is of fundamental
importance to the growth of many I1I-Vs. The much-lower sticking coefficient of In is strongly
dependent on the substrate temperature and plays an important role in the In incorporation
efficiency by affecting the desorption of surface In-atoms [144]. In ternary InGaN alloys, the
differences in thermal stabilities between the two binary constituents (InN and GaN) leads to
a large disparity in the Ga and In sticking coefficients, and to additional loss through thermal
dissociation of In-N bonds at higher growth temperatures [145]. The influence of elastic
strain on the InGaN spinodal phase diagram and hence the stability against phase separation
[83], as calculated by Tessarek et al. [20] in accordance with the theory by , suggests
a strong shift of the spinodal decomposition limit to higher In-content with increased lateral
strain state of the InGaN layer grown on GaN. Wurtzite III-N materials are also prone to
a combination of both spontaneous polarization and piezeoelectric polarization components,
due to their large polarization constants. The polarization fields and the resulting quantum-
confined Stark effect negatively affect the spatial separation of carriers within the device
active region, resulting in a decrease in the radiative recombination rate [113]. Therefore, the
appreciable effects of strain on the properties of III-N heterostructures are three-fold, from
the formation of defects, the effect on alloy miscibility, and the generation of polarization-
induced internal electric fields. In nanowires, the growth and stability of ternary III-Ns,
and the resulting strain state are expected to be more complex and have remained largely
unexplored.

With the successful achievement of high-quality, almost defect-free III-N heteroepitaxy
within a nanowire geometry, further characterization with scanning transmission electron mi-
croscopy (STEM) is necessary to correlate their structural properties to device properties. In
this chapter, the quantification of compositional and strain distribution within InGaN/GaN
nanowire heterostructures at high spatial resolution using STEM is demonstrated, showing
that strain states of GaN barriers play a role in the formation and strain relaxation of InGaN
quantum dots (QDs) within such structures. Further calculations of the expected piezoelec-
tric polarization from such local strain and composition measurements indicate a significant
reduction compared to bulk thin films, but nevertheless, remains not negligible in overall
magnitude.

The nanowire architecture introduces a building block with immense potential to form

new and diverse heterostructures that can exist in both radial and axial (longitudinal) vari-
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Figure 2.1: (a) Schematic illustration of the InGaN/GaN DWire LED design, with an additional p-InGaN
test well and p-AlGaN EBL between the QD active region and the p-GaN section, shown alongside its
corresponding flat conduction band energy diagram. (b) STEM-HAADF image showing the varying Z-
contrast in the different regions in the structure. (c) Room-temperature PL spectrum of the nanowire LED
device (thick black line), represented with additional fitting curves with Voigt functions (coloured lines) to

emphasize the presence of multiple shoulders within the main emission peak at 550 nm. The emission peak
at ~430 nm is from the InGaN QW.

ations. The different forms of kinetically-limited phase separation processes in InGaN alloys
that often hinder the growth of In-rich InGaN quantum wells (QWSs) can actually be advan-
tageous in the formation of QDs [30], as in the recently developed InGaN/GaN dot-in-a-wire
(DWire) nanostructures [10, 19, 85]. A schematic of the InGaN/GaN DWire LED design
investigated in this study is shown in Figure 2.1(a). The InGaN/GaN DWire LEDs show
broader than anticipated emission peaks from room-temperature photoluminescence (PL)
spectroscopy measurements of an ensemble of nanowires [35], as shown in the spectrum in
Figure 2.1(c). Since the InGaN composition in the active region of such devices can be
directly related to the emission wavelength, a quantification of the In-content at high spatial
resolution is thus crucial in order to understand factors that can influence In incorporation
[15]. Hence elemental mapping of the local composition in InGaN at high spatial resolution is
of tremendous interest, because of known issues of compositional fluctuations [146] as a result
of phase segregation into In-rich regions [30, 117], or composition gradients along the growth
direction due to composition pulling effect caused by In surface segregation [65]. In addition,
the intrinsic optical properties need to be established primarily before considering the effects
of quantum confinement or strain-induced modifications like the quantum-confined Stark
effect. Definitive prediction of the optical and electrical properties of nitride heterostruc-
tures requires taking into account the strain-relaxation mechanisms. This remains to be a
critical task in obtaining targeted emission properties through the precise control and full

compositional range tunability of alloyed nanowires.
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2.2 Experimental Methods

2.2.1 MBE Growth

Multiple InGaN/GaN DWire nanostructures are grown on Si(111) substrates by 7f plasma-
assisted MBE under nitrogen-rich conditions without the use of any external catalyst, as
described in further detail in Ref. [19, 85]. A 10 InGaN QD series, each capped by a GaN
barrier layer, is centrally confined within the nanowire active region embedded between n-
and p-doped GaN in the nanowire heterostructure. Additional components in the device
structure include the p-AlGaN electron-blocking layer (EBL) and the p-InGaN test well

towards the p-GaN, used to mitigate and evaluate electron overflow, respectively.

2.2.2 Scanning Transmission Electron Microscopy

Characterization of the nanowire heterostructures was carried out using aberration-corrected
scanning transmission electron microscopy (STEM). The experiments were performed with
a FEI Titan Cubed 80-300 monochromated, probe- and image-corrected STEM equipped
with a Gatan GIF Tridiem 866 imaging filter for electron energy-loss spectroscopy (EELS),
and a high-brightness field emission gun (X-FEG) operated at 200 kV. Atomic-resolution,
Z-contrast sensitive STEM high-angle annular dark-field (HAADF) images were processed
using geometric phase analysis (GPA) from algorithms originally developed by Hytch et al.
[71], and implemented as a plugin within Gatan DigitalMicrograph by HREM Research Inc.

2.2.3 EELS Quantification

A multiple linear least-square (MLLS) fitting routine [118] implemented within DigitalMi-
crograph was used to treat the EELS spectrum images to separate the spectral contributions
of the N K-edge (399 eV) from that of the In M, 5-edge (451 eV in InGaN). The N K-edge
from the nearby GaN region as internal reference combined with the In M, 5-edge from an
InN nanowire as an external reference were used for the MLLS fitting. The basic principles
of the composition quantification method from the separation of the EELS spectral com-
ponents and subsequent normalization is presented in Equation (2.1). S(E) is the fitted
spectrum, AE~" is the Power-law background; A,, and S(E,—¢) are the fitting coefficient for
N (without In), and its reference spectrum from n- or p-GaN region of the nanowire being
analyzed, respectively; B, and S(E,—;) are the fitting coefficient for In (without Ga), and
its reference spectrum from an InN nanowire, respectively. An assumption was made that
group IIl-nitride nanowires are stoichiometric, such that the III:N ratio equates to unity for

In,Ga; N alloys of compositional range of z = 0 — 1. Therefore subsequent normalization
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of the resulting MLLS-fitted In-map with the N-map (fitting coefficients B, /A,,) produces a
projected-thickness normalized In-content map that should contain values (z in In,Ga;_,N)

corresponding to the In-composition within each pixel.

2.2.3.1 Method Accuracy

Sources of error in the quantitative MLLS analysis of EELS can arise from the intrinsic spec-
tral differences (EELS near-edge fine structure) in the N K-edge between InN and GaN used
as reference spectra, or from differences in thickness between the standard specimens and
the analyzed specimen. The latter was avoided by utilizing (n- or p-doped) GaN reference
spectra internal to the (nanowires) nanowires being analyzed, and external reference spectra
of InN nanowire only summed from regions with similar ranges of thickness.

The method of composition determination by EELS spectrum imaging on InGaN/GaN
nanowire heterostructures demonstrated in this study is implemented on binary InN nanowire
to illustrate the accuracy and precision of the quantification, as a measure of the outcomes of
any sources of error. Quantification of the In-content in the InN nanowire is achieved using
identical methods of MLLS fitting routine within DigitalMicrograph, followed by subsequent
normalization of the resulting In-map with the N-map. In group Ill-nitride materials, the
III:N ratio equates to unity to maintain stoichiometry, therefore the expected projected
thickness normalized In-content map for an InN nanowire should contain values correspond-
ing to one. The reference spectra used include the N K-edge from the n-GaN region in the
nanowire heterostructure, and the In M, s-edge from the InN nanowire, similar to the ones
later used in the elemental maps of Figure 2.5. The quantification of the In-content in the

binary InN nanowire, presented in Figure 2.2, shows statistical variations with a mean In/N

Figure 2.2: (a) STEM-HAADF im-
age of the InN nanowire used for ref-
erence spectrum of the In M, 5-edge in
the MLLS fitting. (b) Normalized In-
content map using the same method in
Figure 2.5(d), showing the validity of the
quantification with In/N ratios within
reasonable error. The bottom six rows
of pixels is vacuum, and are omitted in
the statistics.
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ratio of z = 1.02357, with a standard deviation of ¢ = 0.09785. A similar assessment of
the p- and n-GaN regions in the analyzed nanowire of Figure 2.5 also shows the statistical
variations from an expected In/N ratio of 0. A mean In/N ratio of z = 0.01300 with a
standard deviation of 0 = 0.02177 for the p-GaN and z = 0.00271 with a standard deviation

of 0 = 0.02119 for the n-GaN (where the reference spectrum was obtained).

2.2.3.2 Correction for Embedded Quantum Dots

It is worth noting that the quantitative elemental mapping methods using STEM-EELS im-
plemented in this work, are still prone to projection effects common in most TEM techniques.
However, the use of this quantification method in planar nitride heterostructures (made into
wedge-shaped TEM specimen geometry, for example) would avoid the projection issues and
increase the quantification accuracy greatly. Additionally, this quantification method will
be equally as applicable in coaxial nanowire heterostructures to concurrently account for
changes in projected thickness towards the nanowire surface.

The InGaN/GaN QDs are centrally embedded by a surrounding GaN shell at the nanowire
sidewalls, whose N K contributions are included along the electron beam direction and within
the N-map of Figure 2.5(b). Because the In-content map in Figure 2.5(d) is projected along
the beam direction, it underestimates the In-composition contained only within the InGaN
QD itself. Similar to the work on composition measurement in buried In(Ga)As QDs grown
on planar GaAs [119], substantial approximations need to be made about the shape of the
QD in order to deduce its resulting two-dimensional projection surrounded by a GaN shell
and obtain quantitative compositional information. The overall shape of the QD is esti-
mated to be a hexagonal disk that is axisymmetric about the centre of the nanowire. A
correction factor, as determined from the ratio in lateral dimension of the QD within the
nanowire based on the HAADF image intensity profile across the QD (example shown in
Figure 2.3(b)), was applied to the EELS-measured In-content of each QD in Figure 2.5(d).
Table 2.1 summarizes the In-composition, the correction factor, and the GaN shell-corrected

In-composition of each In,Ga;_,N QD from Figure 2.5(d).

Figure 2.3: (a) STEM-HAADF
InGaN QD#3 image of the nanowire studied us-
.................. . ing STEM-EELS spectrum imag-
ing in Figure 2.5, and (b) Line
profile of the HAADF intensity
across QD#3, counting from the
bottom along the growth direc-
tion, demonstrating how the cor-
0 2(')0 4(')0 6(')0 8(')0 10'00 12'00 14'00 1600 reCtlon faCtor IISted ln Table 2.1
x-coordinate (pixel) was calculated for each QD.

HAADEF Intensity (a.u.)
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2.3 Structural and Compositional Analysis of
InGaN/GaN Dot-in-a-Wire

Atomic number (Z-contrast) sensitive STEM-HAADF imaging in Figure 2.1(b) demonstrates
that the 10 InGaN QD series are centrally confined within the active region, embedded be-
tween n- and p-doped GaN in the nanowire heterostructure. Additional components visible
in the device structure include the p-AlGaN electron-blocking layer (EBL, dark band ar-
rowed) and the p-InGaN test well towards the p-GaN, used to mitigate and evaluate electron
overflow, respectively. Other notable features within the nanowire include the varying inten-
sity of the HAADF signal within each QD and between different QDs, as well as changes in
the height and lateral size of QDs within the series. The intrinsic projected thickness vari-
ation of the QDs within the nanowire could be a probable cause for the observed HAADF
intensity changes; though they can also be attributed to changes in composition between
the QDs. Elemental analysis of these structures using energy dispersive X-ray spectroscopy
(EDX) in STEM was previously reported in Ref. [35]. Line profiles acquired along the centre
of the nanowire through the QDs showed qualitative variations in the In L, signal, suggest-
ing a non-uniformity in their composition. However, a quantitative comparison of the EDX
results remained inconclusive due to thickness variations inherent in the nanowires along the
growth direction, differences in QD size, and radial projected thickness changes of the QD.

To explain the HAADF intensity variations between the InGaN QDs in this study, core-
loss electron energy-loss spectroscopy (EELS) was used to evaluate the elemental distribution
within the DWire structures in the boxed area of Figure 2.4(a). Extracted spectra from
different regions containing the elements of interest—specifically the N K, In M, 5, and Ga
Ly 3-edges (Figure 2.4(b))—show a good correspondence between the different elements in
the ternary alloys present. The In-rich regions (such as the QDs and QW, spectra in red
and blue, respectively) show the rise of a broad In-peak (451 eV) and a slight decrease in
the Ga-peak (~1150 eV). The latter can also be observed in the Al-rich (and hence Ga-
deficient) AlGaN EBL (green spectrum). Elemental maps of Ga and In can be obtained
from the spectrum image, as shown in Figures 2.4(c) and 2.4(d), respectively. There is good
complementarity in the distribution of Ga and In signals within the QDs based on their
elemental maps (In-enrichment = Ga-deficiency). It is also noteworthy to point out that
there is significant signal within the In-map (Figure 2.4(d)) from the regions that should not
contain any In, and that the boundaries of the InGaN regions are not sharp. This outcome
is due to the close proximity of the N K (399 eV) and In M5 (451 eV in InGaN) edges,
such that a background subtraction on the In M, 5-edge to obtain the elemental map cannot

completely exclude contributions from the N K-edge. Therefore, the N K contributions from
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Figure 2.4: (a) STEM-HAADF image of the InGaN/GaN DWire structure studied using STEM-EELS
spectrum imaging technique, identifying the boxed area of the spectrum image acquisition. (b) EELS
spectra containing the N K, In M, 5, and Ga Ly 3-edges extracted from different regions (circled in their
respective colours in (a)), normalized to the maximum intensity in the N K-edge and vertically offset for
clarity. Elemental maps of the boxed region in (a) extracted from the (c) Ga Ly 3-edge, and (d) In M, 5-edge
showing the localization of In within the QDs.

the GaN regions are also included in the In-map, resulting in the apparent non-zero intensity

at the GaN regions.

2.3.1 Variation of Indium Content amongst Quantum Dots

The true In-distribution is evaluated after the separation of the N K contributions from
the In M 45 with the use of a MLLS fitting routine [118]. The results of the MLLS fitting
on an EELS spectrum image of a DWire structure are presented in Figure 2.5. The MLLS-
fitted In-map (Figure 2.5(c)) shows clearly defined InGaN QDs and a non-uniform In-content
distribution radially within each QD, as well as variation along the growth direction between
the different QDs in the series. Due to the intrinsic thickness variation within the nanowires
along the c-axis (growth direction, denoted as y-axis in the figure), and the projection-effect
induced thickness changes across the nanowire diameter, the measured intensities must be
compensated for these factors. Since the ratio of group III elements to N-atoms stays constant
within ITI-N materials [116], the MLLS-fitted N-map (Figure 2.5(b)) can be used to provide
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Figure 2.5: (a) HAADF-STEM image the InGaN/GaN DWire structure studied using STEM-EELS spec-
trum imaging, followed by subsequent MLLS fitting using combined internal and external reference spectra.
(b) Colour map of the MLLS fitting coefficients output for the N-component. (c) Surface plot of the MLLS
fitting coefficients output for the In-component, interpreted directly as the relative In-content projected
through thickness. The surface plot representation emphasizes the variation in relative In-content both ra-
dially (along z-axis), and along the growth direction (y-axis). (d) Surface plot of the thickness-corrected
In-content map, generated from normalizing the MLLS-fitted In-map of (c) with the MLLS-fitted N-map in
(b). The In-composition shown in (d) is underestimated, as it does not take into account the proportion of
the GaN shell projected through thickness.

local thickness information, as the gradual change to higher signal towards the centre of
the nanowire can be directly correlated to the increased thickness. It is important to note
that the changes in the N-map visible within the QDs are due to minor spectral differences
in the N K-edge between GaN and InGaN. These small differences can introduce minor
artifacts into the MLLS fitting, thereby limiting the usage of the MLLS-fitted N-map as a
mere pseudo-thickness map.

The normalized MLLS-fitted In-content map, corrected for thickness projection using
the MLLS-fitted N-map (Figure 2.5(b)), is shown in Figure 2.5(d). The apparent non-
uniform In-content radially is mostly nullified by the normalization, most evidently seen in
the InGaN QW, therefore justifying its origin solely to the projected thickness changes. More
interestingly, the variation in In-content (z = 0.12 — 0.38) between the In,Ga; . N QDs along
the growth direction is still present. As the growth conditions of the whole active region were
kept constant to target a nominal composition, the observed compositional variation must
be an effect of the intrinsic growth dynamics during the formation of the InGaN/GaN QDs
within the active region. This systematic occurrence, and the mechanism by which it occurs
is elaborated further within the discussion. It has to be noted that the In-composition shown
in Figure 2.5(d) is underestimated for the InGaN QDs, as the N-signal includes a contribution
from the GaN shell at the nanowire sidewalls projected through thickness, the proportion
of the GaN shell must be taken into account. For example, adjusting for the GaN shell
in QD#3 (with highest relative In-content), the measured In,Ga;_,N composition would

increase from z = 0.38 to x = 0.45 (see Section 2.2.3.2 for further details of the correction).
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A non-uniform composition amongst the QDs has been observed in all nanowires surveyed;
however, there does not appear to be a statistically evident trend of the relative In-content
change along the growth direction between different nanowires examined. On the other hand,
the compositional variation within individual nanowires can be explained as follows. The
sudden drop in In-content within QD#5 can be linked to the presence of the surface crack
that propagates past only the GaN shell (marked in Figure 2.5(d)), which is indicative of
strain relief. Surface cracks have been observed in other nanowires to typically not propagate
past the GaN shell, in the vicinity of high In-content QDs or thick InGaN layer such as the
QW in the nanowire of Figure 2.1(b). Because the formation of the InGaN QDs within
the DWire structure is due to strain-induced self-organization, it is postulated that the
strain relaxation within individual nanowires plays a determinant role directly affecting the

incorporation of In during the formation of each QD.

2.4 Mapping Local Lattice Deformation

In combination with EELS mapping to further correlate the composition in the InGaN QDs
and strain, geometric phase analysis (GPA) [71] was applied to the corresponding atomic-
resolution HAADF images to better understand the strain distribution, as presented in
Figure 2.6. The MLLS-fitted relative In-content map measured using EELS in Figure 2.6(a)
already shows a strong correlation with the image intensity of the HAADF image in Fig-
ure 2.6(b), acquired along the (1100) viewing direction (m-plane). Reciprocal lattice vectors,
g = 0002 and g = 1120, were selected from the image’s power spectrum to calculate the phase
images and generate the subsequent two-dimensional strain tensors during the GPA process-
ing. Seen laterally across the nanowire diameter (denoted as the z-axis) in the €., map
(Figure 2.6(d)) there is a ~2.5% lattice expansion (positive Aa/als!, lattice spacing) within
the QD heterostructure compared to the fully relaxed GaN sidewalls used as reference. Ad-
ditionally, the InGaN QDs show no discernible in-plane lattice spacing changes with respect
to the underlying GaN and appear to form both coherent GaN/InGaN and InGaN/GaN
interfaces. Corollary to coherent planar bilayer structures that are elastically compliant, the
uniform in-plane spacing within the short-period heterostructure, together with the observed
expanded a-spacing within the GaN barriers (compared to the relaxed shell) is indicative
of strain partitioning [150] within the coherent InGaN/GaN nanowire heterostructure. No
misfit dislocations have been observed at any GaN/InGaN interface within the active region,
indicating a tendency towards elastic relaxation.

Concerning the growth direction (denoted as the y-axis) in the €, map (Figure 2.6(c))

showing the Ac/ cEifN spacing, there are large systematic variations corresponding to the
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Figure 2.6: (a) Surface plot representation of the MLLS-fitted relative In-content map from EELS with
internal references, relative counts scaled to fit-coefficients from QD boxed in white from 0 — 1. (b) Corre-
sponding HAADF-STEM image showing the In-rich QDs (bright areas). Strain maps (c) along the growth
direction, €, (d) along the in-plane direction, €, and (e) dilatation matrix, dz,. The strain maps show
that there is a direct correlation between the In-content as highlighted in (a) and the strain along the growth
direction (c), while compressive strain towards the nanowire centre in the in-plane direction (d) indicates
the enhanced surface relaxation. Colour scale legend of each GPA strain map indicates the percent change
relative to the reference region.

locations of the QDs. The calculated displacement shows that there is a 2 — 5% lattice
expansion along the c-axis within the InGaN QDs, while the GaN barrier layers are com-
pressively strained (Ac/ c’éeg N = —2—6%). Isolating one of the QDs with high In-content (as
boxed in white) and comparing it to another QD with low In-content (as boxed in black),
a direct relationship between the degree of c-spacing expansion and the EELS-measured
In-content can be postulated. As more In-atoms are incorporated within the structure, the
lattice parameter is expected to increase monotonically following Vegard’s law, and thus
presents as an apparent positive strain. Furthermore, in the GaN barrier layers just below
the QDs (marked with dashed boxes), there is also a direct correspondence between their
degree of compressive strain to the In-content in the subsequent QD. Therefore it is con-
cluded that the more compressive-strained a GaN barrier layer is along the growth direction,

the more In is incorporated into the subsequent QD during the growth sequence, as demon-
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strated in all GaN barrier/QD pairs from Figure 2.6 summarized in Figure 2.7. The system
will respond in such a manner to accommodate the strain through the intrinsic physical
properties of the InGaN alloy during growth, namely the phase segregation behaviour and
the high mobility of In adatoms, in order to achieve the necessary lattice expansion for opti-
mal strain relaxation. The enhanced or suppressed incorporation of In during the formation
of InGaN QDs can thus aid in distributing the elastic energy more evenly across interfaces,
and locally minimize the total energy. The mean dilatation matrix, d,,, an average of €,
and €,,, indicating the overall lattice deformation as determined from the GPA algorithm, is
also shown in Figure 2.6(e). The compressed c-planes within the GaN barriers are a result
of the tensile constraints observed in-plane due to the Poisson effect, in which the tetragonal

distortion in the GaN barrier is more apparent within the J,, map in Figure 2.6(e).

Figure 2.7: Graphical representation of the
same nanowire and its measured In-content
and strain state shown in Figure 2.6. (a)
Colour map of the thickness-corrected MLLS-
s 0 +15%  fitted STEM-EELS In-map. (b) Same STEM-
HAADF image with GPA applied, and (c) its
strain map along the growth direction, e,
0.35 from Figure 2.6(b) and (c) with emphasis boxes
also present. (d) Plot of corresponding out-
of-plane compression and measured In-content
in GaN barrier/InGaN QD pairs grouped along
0257 the growth direction within (a — ¢), showing a
correlation between the degree of compression
in GaN barriers and the measured In-content in
the subsequent QD. Error bars represent stan-
dard deviations from the measurement averag-
oo ing over a local area, separate for the STEM-
-0.10 008 006 004 002 000 EELS and GPA techniques used per feature av-
GaN barrier y-axis compression, €, eraged.
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2.4.1 Measured In-content and Barrier Strain State

The amount of In incorporated into a particular quantum dot (QD) depends on the strain
state of the GaN barrier below, in particular the degree of out-of-plane compression within
the GaN barrier, as demonstrated in the combined relative In-content map and strain maps
in Figure 2.6. Aside from highlighting the extreme cases for comparison in Figure 2.6, this
hypothesis is further exemplified in Figure 2.7 by comparing the averaged In-content versus
the averaged out-of-plane strain state (e,,) of the corresponding GaN barrier within each

QD /barrier pair from Figure 2.6. The (thickness-normalized) In-content map in Figure 2.7(a)
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is similar to the relative In-content map in Figure 2.6(a), but with additional normalization
with the N K-edge. The proportional trend between the magnitude of y-axis compression
in a particular GaN barrier (number n) and the In-content in the subsequent QD (number
n+1) is most evident in the plot of Figure 2.7(d). As the magnitude of compression in a

particular GaN barrier increases, the In-content in the subsequent QD also increases.

2.5 Strain Accommodation within the Nanowire

Heterostructures

Strain accommodation has been pinpointed as the driving force of compositional pulling in
thicker InGaN layers [68], where surface-segregated In is only partially incorporated during
the growth of InGaN and results in a gradual enrichment towards the surface [151]. The in-
corporation of In atoms in the InGaN lattice is enhanced by the volume change introduced by
alloying that opposes the in-plane strain state [152]. It has been reported that InGaN/GaN
multiple quantum well (MQW) LED structures can experience enhanced hole injection effi-
ciency with the use of thinner barriers and/or thinner QWs from various graded-thickness
heterostructure designs [153, 151]. Therefore, the use of InGaN/GaN MQW structures with
short-periods and thin QWs can lead to better remediation against efficiency droop at high
operating current. The strain state of both the thin InGaN QW and GaN barriers is likely
not fully relaxed and might lead to compensations by other means. For example, two-
dimensional heterostructures are typically susceptible to a very high density of dislocations,
where the strain is relieved plastically [155]; the large aspect ratio of nanowires, on the other
hand, could favour a regime of elastic-strain relaxation. It can even be postulated that their
strain relaxation occurs in a purely elastic manner, as Landré et al. [155] demonstrated in
GaN/AIN nanowire superlattices.

The in-plane strain state of the InGaN QDs in this work is determined to be different
than planar InGaN QWs, exhibiting additional relaxation at the nanowire free surface and
approaching an elastic regime. See additional strain maps and extended discussion on the
same nanowire from Figure 2.5 in the Figure 2.10 appearing in a later section (2.6.1.1). From
strain maps of the whole active region using n-GaN as reference lattice, QD#1 grown on the
n-GaN base shows negligible a-spacing expansion, demonstrating that it is grown pseudo-
morphically. However, assessing the €,, map sequentially along the growth direction shows
a gradual transition towards positive Aa/ agf ~ Spacing starting at the first GaN barrier be-
fore reaching an average 2.5% a-spacing expansion within QD#3 (see Figure 2.10(b)). In
Figure 2.6, the positive Aa/ age(f ~ spacing within the GaN barriers compared to the GaN ref-
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Figure 2.8: Schematic illustration of the
lattice distortions in the InGaN/GaN QD
heterostructure due to strain partitioning,
as well as the c-axis constraints caused by
the surrounding GaN shell. The in-plane
compression within InGaN QDs (red) and
the in-plane tension within GaN barriers
(blue) are responsible for the out-of-plane
distortions, in particular the compressed
c-planes in the GaN barriers. The grey
dashed lines show the estimated difference
in lattice distortion within an ideal axial
nanowire heterostructure in the absence of
a GaN shell.

é

erence lattice at the nanowire shell indicates that they are strain partitioned with the InGaN
QDs in the heterostructure. Strain partitioning describes how coherency at the heterostruc-
ture interface is achieved [150], such that the in-plane strains in adjacent layers of InGaN
and GaN have opposite sign, representing their compressive and tensile strains, respectively.
As explained by the Poisson effect, the tensile strain along the a-axis induces compressive
strains (negative Ac/ cTGeC{ ) in the GaN barriers along the growth direction. As suggested by
Kehagias et al. [1413] in similar lattice strain analysis of InGaN/GaN nanowire superlattices
along the growth direction, the interfacial misfit within coherent nanowire heteroepitaxy can
be minimized by means of distributing the strain in the adjoining lattices.

Compared to strain partitioning in thin coherent planar bilayer structure, where the elas-
tic compliance is maintained only by the in-plane lattice spacing, both layers do not fully
relax in-plane, and normal stresses are zero (as per biaxial strain condition). Heterostruc-
tures within nanowires would also experience identical in-plane strains, but differences arise
depending on whether the layers have free sidewall surfaces. Ideal axial nanowire heterostruc-
tures of QWs with free surfaces can have an inhomogeneous lateral strain distribution due to
the lateral elastic relaxation in both materials [150], while embedded nanowire heterostruc-
tures can exhibit additional non-zero normal stresses. A comparison of the expected differ-
ences in lattice distortions for the two scenarios within nanowire heterostructures is presented
in Figure 2.8. The accommodation of interfacial misfit of the InGaN/GaN DWire is accom-
plished by partial strain partitioning in-plane, as shown in the €,, map of Figure 2.6(d). The
partial compliance (strain in the bilayer not balanced to zero) is observed after the progres-
sive lateral expansion starting at the first GaN barrier and reaches a plateau at QD#3, as
described previously, where compliance of all subsequent layers is to the expanded QD#3

lattice (can see also Figure 2.10(b) in a later section).
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In this study, the presence of a surrounding GaN shell (not considered to be part of the
strain partitioned heterostructure) imposes additional c-axis constraints to the alternating
InGaN/GaN layers, and can further encourage an out-of-plane strain accommodation in the
alloy layers within the superlattice. Specifically, the tensile and compressive in-plane strains
within GaN barriers and InGaN QDs, coloured blue and red, respectively, in Figure 2.8, will
also lead to an out-of-plane distortion through the Poisson effect. However, this distortion
does not occur fully within the InGaN/GaN layers, and residual strains remain to match
the constraints from the surrounding GaN shell, as visible within the GaN barriers in the
€,y map of Figure 2.6(c). Growth of a subsequent InGaN QD can accommodate the residual
compressive €, strain in the underlying GaN barriers through the InGaN alloy by affect-
ing the incorporation of In during its formation to counteract the volumetric distortion. It
should be noted that higher incorporation of In into a subsequent InGaN QD will have some
additional compression on the underlying GaN barrier lattice, but it is expected to be mini-
mal; because the GaN barrier is already compliant to the prior InGaN QD, back propagation
of additional strain into QDs formed previously during the sequence is unlikely. Due to the
complexity of the DWire structure in the presence of a GaN shell, further calculations using
finite-elemental modeling (FEM) could assist in interpreting the three-dimensional strain ac-
commodation. Existing FEM done on similar InGaN/GaN nanowire heterostructures that
also include a GaN shell [15, |, however, shows an opposite trend for the in- and out-of-
plane strains in the GaN shell compared to related GPA measurements, even though those
same experimental results are in agreement with this study. The discrepancy can be due to
the insufficient resolution, as well as indirect measurements of the in-plane direction with
high-resolution X-ray diffraction (HRXRD) used by Knelangen et al. [15]. Additional input
parameters, such as those from in-plane distortions measured locally and directly in this
study, can further improve the interpretation of strain accommodation in such structures
with the help of FEM.

2.6 Independent Determination of Strain and Compo-
sition

Elemental mapping providing compositional information at very high spatial resolution is
crucial for understanding the growth of nitride heterostructures, in particular for those con-
tained in a nanowire geometry, which show even more fluctuations in their structural param-
eters. Composition determination within nanowire structures is significantly more difficult

than in epilayers, as structural parameters have shown drastic fluctuations in composition,
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demonstrated using conventional HRXRD [112]. Significant success has been achieved on
planar heterostructures; however quantification of alloy composition is overall hindered by
the inherent inhomogeneity that has been observed to occur over nm-lengthscales in nitride
alloys [15, 80, |, and by the inability to resolve these nanoscale variations with HRXRD.
Another obstacle is the commonly convoluted effects of both the epilayer composition and
strain state, effects which are not so straightforwardly disentangled [116, 156]. Determining
composition using (S)TEM lattice images generally involves measuring the local out-of-plane
lattice parameter, and subsequently calculating the composition [15, , | based on as-
sumptions about the in-plane strain state (InGaN layer grown pseudomorphically to GaN).
This assumption does not hold within the InGaN/GaN heterostructure presented in this
study, where the InGaN QDs were shown to be partially strain-relaxed. A more direct
and accurate quantification method of individual atomic column intensity in HAADF im-
ages is possible [117], but requires comparison with calculation-intensive image simulations
that takes into account the varying statistical distribution of In/Ga-atoms and the result-
ing atomic displacements due to the large disparity in neighbouring atom sizes within an
alloy. It has been reported recently that both the In-content and the thicknesses of InGaN
insertions in axial InGaN/GaN nanowire heterostructures contribute to the combined effects
of polarization potentials and surface potentials on carrier localization [157]. The nanowire
structures in this study are expected to have weaker surface potentials in the presence of
a thin passivating GaN shell, but will also vary proportionally with the overall nanowire
diameter [157]. Therefore, the ability to determine both the composition and strain accom-
modation of InGaN QDs simultaneously, and independently, with their size and morphology
at high spatial resolution facilitates a better assessment of the relationship between structural
and optical properties.

It is worth noting that the quantitative elemental mapping methods using STEM-EELS
implemented in this chapter, as demonstrated in InGaN QDs centrally-embedded within
nanowires, are still prone to projection effects common in most TEM techniques. Similar
to the work on composition measurement in buried In(Ga)As QDs grown on planar GaAs
[119], substantial approximations need to be made about the shape of the QD in order
to deduce its resulting two-dimensional projection surrounded by a GalN shell and obtain
quantitative compositional information. However, the use of this quantification method
in planar nitride heterostructures (made into wedge-shaped TEM specimen geometry, for
example) would reduce the projection issues and increase the quantification accuracy greatly.
The validity of the quantification method was already demonstrated in Figure 2.2 within an
earlier Section 2.2.3.

Several additional important points can be made based on the high-resolution imaging
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Figure 2.9: (a) STEM-HAADF
image of the nanowire studied us-
ing STEM-EELS spectrum imag-
ing in Figure 2.5, and (b) higher
magnification image of the boxed
area in (a) showing the presence
of alternating bright and dark c-
planes in the tails of the InGaN
QDs, suggestive of atomic-level
chemical ordering into In-rich and
Ga-rich layers. Also visible in (b)
is the atomic displacement near
the crack with visible extra planes.

and quantification with EELS. Drastic interdiffusion of In within the active region can be
ruled out from the sharp GaN/InGaN interface observed in atomically-resolved HAADF
images (most evident in examples such as Figures 2.1(b) and 2.9(a)), which is further sup-
ported by high-resolution elemental mapping. Other composition determination methods
in (S)TEM for buried QDs involving digital processing of lattice images require assump-
tions made about the strain state [113], and do not exclude the likely strain effects on the
lattice parameter. Whereas the independent determination of the InGaN QD composition
from EELS has negligible dependence on strain, such that the strain state can be deduced
separately, as demonstrated in this study.

The large range of composition measured in individual nanowires using STEM-EELS
suggests that the resulting InGaN alloy composition within these short-period nanowire het-
erostructures may not depend only on parameters controlled within the growth recipe, such
as the substrate temperature, and In/Ga flux ratios. Additional factors such as the strain
state of the underlying GaN layer during growth are suggested to play a role in enhancing
or suppressing the In incorporation during the formation of the InGaN QDs. Furthermore,
unusual bright /dark contrast modulations in single ¢-planes observed within InGaN tails just
below the QDs, visible in the HAADF image of Figure 2.5(a) (seen in higher magnification in
Figures 2.9(a) and 2.9(b)), are suggestive of the occurrence of atomic ordering in the InGaN
alloy [79]. In fact, theoretical predictions for cubic-InGaN have suggested that biaxial strain
within the alloy suppresses phase segregation but alternatively provides driving force for
other types of spinodal decomposition, such as chemical ordering [158]. The confirmation of
atomic ordering in the InGaN alloys within the nanowire heterostructures, as well as their

implications on the resulting optical properties, will be detailed in its entirety in Chapter 3.
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2.6.1 Piezoelectric Polarization Estimate

As an additional benefit of combined independent measurements of composition and strain
within the InGaN/GaN QD heterostructure, they can be used to experimentally derive the
resulting piezoelectric polarization, in order to understand the effects of these aforementioned
structural properties on polarization. In particular, the GaN-shell-corrected In-compositions
in the nanowire of Figure 2.5, in conjunction with the strain maps providing the Aa/ aTGeC{ N
and Ac/cs!, (Figures 2.10(b) and 2.10(d), respectively), were also used to calculate the ac-
tual €,, and €,, (more typically referred to as €, or es3 in the literature) within each QD, to
be detailed in Section 2.6.1.1. Furthermore, the piezoelectric polarization, P,., within each
QD is calculated according to the relationship between the strain tensor and piezoelectric
constants (e3; and es3) and listed in Table 2.1. As compared to equivalent pseudomorphic
planar QW heterostructures of identical composition, the strain mapping of Figure 2.10
(and also in the other example in Figure 2.6) shows that the QD heterostructures are dras-
tically more strain-relaxed in the in-plane direction as a result of the strain partitioning.
The decreased €., would directly translate to a > 50% decrease in the P,, alone in the
QDs. However, additional constraints along the y-axis from the GaN shell contribute to an
out-of-plane component (non-zero normal stresses) that counteracts the in-plane component.
Nevertheless, the calculated total P, in the high-In content InGaN QDs in this study (Fig-
ure 2.5) are still suppressed with respect to equivalent planar QWs by 30% on average, and
similar in magnitude to those reported by Lahnemann et al. [110] for their InGaN insertions
in GaN nanowires with the same range of In-content [15]. These P,, values confirm that
the magnitude of internal piezoelectric fields within nanowire heterstructures, while reduced
due to enhanced lateral strain relaxation, is still significant (~4.5 MV /cm). In addition, the
limitation on the field reduction predicted in nanowires is dominated by residual strains in

the growth direction in embedded heterostructures.

2.6.1.1 Translating Lattice Deformations to Lattice Strain

The GPA method [71] was applied to atomic-resolution HAADF images corresponding to
the same nanowire in Figure 2.5 to better understand the strain distribution, as shown in
Figure 2.10. The HAADF images of Figures 2.10(a) and 2.10(c), were acquired along the
(1120) viewing direction (a-plane), and reciprocal lattice vectors, g = 0002 and g = 1100,
were selected for the GPA analysis. Seen laterally across the nanowire diameter (denoted as
the z-axis) in the €., map (Figure 2.10(b)), there is on average a 2.5% lattice expansion within
the InGaN/GaN QD heterostructure with respect to the fully relaxed n-GaN region used as

reference. Additionally, the GaN shell does not show a discernible difference in Aa/ age(f N to
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Figure 2.10: (a) STEM-HAADF image of the nanowire studied using STEM-EELS spectrum imaging
in Figure 2.5, and (b) its corresponding strain map along the in-plane direction, €,,. (¢) STEM-HAADF
image of the same active region, acquired 90 degree rotated to minimize scan distortion effects along the
slow-scan direction then displayed with rotation corrected, and (d) its corresponding strain map along the
growth direction, €y,.

the n-GaN, justifying that the GaN shell and n-GaN have very similar a-spacing. Along the
growth direction for the whole active region in Figure 2.10(c) (denoted as the y-axis), the
€,y map (Figure 2.10(d)) shows similar results as Figure 2.6(c). The larger field of view in
Figure 2.10(c) allows the n-GaN base to be used as reference lattice, which illustrates that
the GaN shell is partially elongated along the c-axis to accomodate to the large expansion
in the adjacent InGaN/GaN QD heterostructure.

GaN ref InGaN
(nGaN _ %0 (1+Aajag.y) — ag

Tx aInGaN
0
GaN A ref InGaN (22)
(nGaN _ G0 (14 Ac/cgan) —
2z - CInGaN
0
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Table 2.1: Calculated in-plane (e,,) and out-of-plane (e.,) strains, and the resulting piezoelectric polar-
ization (P, C/m?) for each InGaN QD from the nanowire in Figures 2.5 and 2.10, and compositionally
equivalent InGaN QWs grown pseudomorphically on GaN. The measured and corrected composition and
lattice parameter changes of each QD according to Section 2.2.3.2 is also shown. QDs are numbered by their
sequence along the growth direction (from bottom to top).

Theoretical QWs From GPA Experimental QDs
QD Number Measured z Correction Factor Corrected z Qv v Pp"gw Ac/ ("Cfaf N o €22 P,
10 0.115 0.673 0.171 —0.0187 0.0105 0.0270 0.0555 +0.0058 0.0377 0.0233
9 0.201 0.841 0.239 —0.0260 0.0149 0.0382 0.0830 —0.0016 0.0578 0.0471
8 0.302 0.850 0.355 —0.0381 0.0229 0.0582 0.0948 —0.0141 0.0573 0.0613
7 0.302 0.849 0.356 —0.0382 0.0230 0.0584 0.0901 —0.0142 0.0527 0.0577
6 0.327 0.804 0.406 —0.0434 0.0266 0.0674 0.0758 —0.0195 0.0338 0.0483
5 0.266 0.759 0.351 —0.0377 0.0226 0.0574 0.0621 —0.0136 0.0262 0.0354
4 0.288 0.811 0.354 —0.0381 0.0229 0.0581 0.0708 —0.0140 0.0342 0.0424
3 0.378 0.830 0.456 —0.0484 0.0302 0.0763 0.0855 —0.0246  0.0383 0.0580
2 0.367 0.832 0.440 —0.0469 0.0291 0.0736 0.0771 —0.0230 0.0317 0.0507
1 0.321 0.851 0.377 —0.0404 0.0245 0.0621 0.0667 —0.0164 0.0280 0.0400

Aa/agf,{N = 0.025 was used for all QDs to calculate ¢,,.

P, = es1(€x + €yy) + €336 (2.3)

The corrected In-compositions in Table 2.1 and the lattice distortions from the strain
maps providing the Aa/ aTGeC{ v and Ac/ cge(f ~ Wwere also used to calculate the actual €,, and €,
(referred to as €y, in the GPA strain map of Figure 2.10) within each QD in Figure 2.10 with
Equation (2.2). The piezoelectric polarization P, within each QD is calculated according to
the relationship between components in the strain tensor and piezoelectric constants, given
in Equation (2.3), where €., = €,, due to isotropic hardness along the basal plane in wurtzite-
structured I1I-nitride materials [159]. In addition, the corrected In-compositions in Table 2.1
were used to calculate the piezoelectric polarization (Plgw) expected in corresponding planar
InGaN quantum wells (QWSs) of the same composition grown pseudomorphically on GaN,
assuming biaxial strain conditions. A linear composition-dependence of the piezoelectric
constants (e3; and es3) and material elastic constants (C13 and Cs3) is assumed for the alloy,
so that the alloy material constants can be interpolated between the values for GaN and InN
listed in Table 2.2.

The GPA strain mapping shows that the QD heterostructures are drastically more strain
relaxed in the in-plane direction than the corresponding pseudomorphic QW heterostruc-
tures, as a result of the strain partitioning. The decreased ¢,, directly translates to a >50%
decrease in the in-plane strain contributions to P,, alone in all QDs when compared to the
theoretical QWs. However, additional constraints along the z-axis from the GaN shell con-
tributes to an out-of-plane component that counteracts the in-plane component due to the

opposite signs of piezoelectric constants ez; and ez (to account for the opposite signs of €,
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Table 2.2: Lattice parameters [30], elastic constants [30] and piezoelectric constants [60] for wurtzite binaries
of GaN and InN used to calculate parameters for the InGaN alloy according to Vegard’s Law.

Parameters GaN InN
a (A) 3.189 3.545
¢ (A) 5.185 5.703
C13 (GPa) 106 92

Cs3 (GPa) 398 224
e31 (C/m?) —0.49 —0.57
e33 (C/m?) 0.73 0.97

and €,,). In the nanowire example of Figure 2.10, the effect of the counteracting in-plane and
out-of-plane strain components on the P,, is particularly strong in the last four QDs, where
the changes relative to PIgW of the pseudomorphic QW are insignificant or even leading to
an increase in P,,. Nevertheless, the magnitudes of the calculated P, in the high-In content
In,Ga;_,N QDs (x ~ 0.40) in this study are similar to those reported by Léhnemann et al.
[140] of 0.044 C/m? for the In-rich surface-segregated region (x ~ 0.39) within their much

larger InGaN insertions [15].

2.6.1.2 Implications on Optical Properties

The role of these compositional variations on the optical properties in nanowire heterostruc-
tures can be further interpreted. Assuming a linear dependence of the bandgap as a function
of alloy composition given by Vegard’s law and neglecting possible bandgap bowing, the
composition is estimated relative to emission wavelength and is also marked for the PL spec-
trum of Figure 2.1(c). Without taking into account strain and quantum confinement effects,
the range of compositional variation amongst the InGaN QDs within individual nanowires
measured by EELS can be the main contributor to the broad linewidth and asymmetric
spectral shape of the main emission peak from the nanowire LEDs shown in Figure 2.1(c).
The main peak at 550 nm contains prominent shoulders that can be deconvolved into mul-
tiple emission peaks with narrower linewidths, and also demonstrated in Figure 2.1(c) using
Voigt functions, where each peak could effectively originate from different QD compositions.

Notably, the range of InGaN compositions that corresponds to the prominent shoulders
in the PL spectrum overlaps only with the upper end of the EELS-measured alloy compo-
sition. Interpretation of the PL spectrum is not as straightforward with the InGaN QW
present, but despite measuring QDs with composition that would correspond to emission
at A = 420 — 450 nm, only a singular peak assigned to the InGaN QW was present. Fur-
thermore, in the absence of the InGaN test well (¢f. LED III in Ref. [85]), no discernible

PL intensity is observed in the same wavelength range despite nanowires showing similar
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structural composition in the active region (results not shown). These results are in agree-
ment with the monotonic decrease in PL intensity with decreasing In-content previously
observed in nanowire MQWs [112], as well as with the high total P,, calculated for the low
In-content QDs (z ~ 0.2 — 0.25) in this work, which are contradictory to the properties
of planar MQWSs. The anomalous trend in similar InGaN/GaN nanowire heterostructures
was explained by the severe lateral separation of carriers at low In-content due to a strong
influence from surface potentials [157]. While the spectral fitting shown in Figure 2.1(c) is
not unique, it illustrates that individual InGaN QDs with a variable range of compositions
can produce a series of overlapping emission peaks. Higher intensity emission will likely
occur towards the longer wavelengths, as the InGaN QDs with lower In-content will be more
strongly affected by piezoelectric polarization and the effects of the surface potential, and
will have a reduced lateral electron-hole overlap. The effect is further manifested in an en-
semble of nanowires that contain individual nanowires each exhibiting slightly varied ranges

of composition, resulting in the broad emission peak with apparent shoulders.

2.7 Conclusion

In summary, a correlative investigation of composition and local strain state in InGaN/GaN
DWire structures has combined strain mapping from HAADF imaging and independent com-
position determination from core-loss EELS elemental mapping using scanning transmission
electron microscopy. The nanowires exhibit unique structural characteristics, including an
inhomogeneous lateral strain distribution, and accommodation within the heterostructure
by strain partitioning. However, it is the residual strains along the growth direction that is
the main determinant of various properties, namely the indium incorporation and magnitude
of piezoelectric polarization. The out-of-plane strain within GaN layers is suggested to be
responsible for the observed compositional variation within the series of ternary QDs, as a
result of the strain evolution along the growth direction. Both of these effects can contribute
to the unexpectedly broad emission peaks observed within these nanowire structures with
room-temperature PL. Additionally, the measured strains and compositions are used to cal-
culate the expected local piezoelectric polarization, which shows a significant suppression
compared to equivalent planar QWs, but is still not negligible. These findings are discussed
in terms of the interplay of effects on the optical properties that needs to be understood
in order to obtain controlled emission properties. This study therefore provides critical in-
sight into the epitaxial growth and characterization of In-containing ITI-nitride nanowire
heterostructures, which have demonstrated potential in emerging applications for solid-state

lighting, photovoltaics, imaging and displays.
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Chapter 3

Atomic Ordering of InGaN Alloys

within Nanowire Heterostructures

3.1 Introduction

Ternary InGaN compounds have been studied for optoelectronic applications spanning a
large spectral range between the ultraviolet and infrared, including light-emitting diodes
(LEDs), and laser diodes [26, 160]. The large difference in cation covalent radii [68] is the
cause of the alloy non-ideal mixing behaviours, as described by the theoretically calculated
miscibility gap in the InGaN system [138]. This thermodynamic instability has been related
to experimental evidence of various phase separation, surface segregation [65], and chemical
ordering [78, 79] processes involving the cation species that result in compositional fluctua-
tions and inhomogeneity within InGaN epilayers. The existence of In-clustering as-grown in
InGaN alloys, which effectively localizes carriers within LEDs overcoming the high thread-
ing dislocation density, remains an ongoing controversy whether or not they were due to
electron beam damage [76, 77]. Additionally, the heteroepitaxy of InGaN alloys, often on
substrates or buffer layers with smaller lattice parameters (typically GaN), are affected by
biaxial compression. The presence of strain also plays a role in the alloy stability [30], and
spontaneous ordering or formation of compositional superlattice in ITI-Ns [161-163].
Atomic ordering in ternary and quaternary III-V alloys is not uncommon within epitax-
ial thin films of various cubic I1I-V arsenides and phosphides, whose degree of ordering has
shown a strong dependence on the growth conditions [164]. However, the hexagonal nitride
ternary alloys are notorious for their several distinctly different optical properties as com-
pared to other As- and P-compounds, including the large bandgap bowing and large Stokes

shift [241]. Strong exciton localization in nitride alloys has been attributed to these anomalous
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properties, which are even affected by fluctuations in the distribution of nearest-neighbors
on the atomic-scale [165]. Experimental observation of chemical ordering in both InGaN
[79] and AlGaN [78] alloys have been reported in wurtzite-structured layers deposited on
hexagonal substrates (typically sapphire or 6H-SiC) using molecular beam epitaxy (MBE)
or metalorganic chemical vapor deposition methods. Most studies reported the existence of
atomic ordering with a 1:1 periodicity along the [0001] direction of growth, based on the
presence of the otherwise forbidden diffraction peaks or spots in a wurtzite crystal structure
from 6-260 X-ray diffraction (XRD) [78] or electron diffraction in transmission electron mi-
croscopy [79]. These additional superlattice reflections (e.g. 0001 and 0001, or other 0007
where [ is odd) indicate a break in the symmetry along the c-axis caused by a non-random
atomic site occupancy of the group-III atoms within the two unique cation sublattice po-
sitions ((0,0,0) and (3,2,3)) in a wurtzite unit cell [166]. The preferential site occupation
within the cation sublattice is consistent with a superlattice structure of alternating c-planes
of Ga-rich and In(Al)-rich monolayers. Existence of other more complex ordered structures
with longer periods has also been established [163, 166-169].

The spontaneous formation of ordered ternary nitride alloys is still largely not understood
due to the nature of these growth processes occurring far from equilibrium conditions, but has
been often regarded as a kinetically-limited growth surface-induced process. However, there
is evidence of some composition dependence for their formation that can be explained using
a thermodynamical approach, with the ideal ordered (Al/In),Ga;_.N alloy at composition of
z = 0.5 based on the relative superlattice XRD peak intensity maxima [78]. First-principle
calculations of ordering in both InGaN [170] and AlGaN [165] have suggested that {1011}
pyramidal microfacets expose surface sites on alternating c-planes that exhibit different
N-coordination, leading to preferential incorporation of the larger cation at the reduced N-
coordination site in an ordered fashion. Overall, experimental evidence differentiating the
two unique cation site positions and their elemental occupancy is lacking, and requires further
investigations at atomic-resolution that allows the visualization of both group III and N-
atoms. Furthermore, atomic ordering demonstrates a bandgap reduction of the nitride alloy
both theoretically [171] and (compared to its random AlGaN alloy equivalent) experimentally
[165], and may significantly modify other electronic properties including optical and transport
properties [165, |, as well as their intrinsic piezoelectric properties [173]. More recent
calculations of microscopic ordering in compressively strained InGaN layers with a /3 x
/3 pattern periodicity along the in-plane direction, which corresponds more closely to the
nanoscale lateral phase separation [174], can instead increase the bandgap by 0.1 — 0.15 eV
175).

In this chapter, InGaN/GaN nanowire (NW) heterostructures, grown on Si(111) sub-
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strates by MBE [176], were investigated using various techniques in scanning transmission
electron microscopy (STEM) to understand the formation of bilayer atomic ordering with 1:1
periodicity in InGaN alloys. The InGaN/GaN dot-in-a-wire structures show a high degree
of crystallinity and little to no defects (some stacking faults, but no threading dislocations).
Thus nanowires provide the model system to understand the alloy ordering mechanism and
conditions that favour their occurrence, as well as any benefits or implications on device
properties. The techniques carried out at atomic-resolution, including local crystal polarity
determination and elemental analysis, allow to distinguish the two unique cation sublattice
positions within a wurtzite unit cell, and confirm the localization of In-atoms preferentially
within one of the cation sites. Comparison of nanowires with a single and multiple In-
GaN QDs also demonstrates that the growth of highly atomic ordered InGaN QDs can be

systematically induced.

3.2 Experimental Methods

3.2.1 MBE Growth

Catalyst-free, vertically-aligned InGaN/GaN dot-in-a-wire heterostructures were grown on
2-inch Si(111) substrates using a Veeco Gen II molecular beam epitaxy (MBE) system at
McGill University equipped with a radio frequency plasma-assisted nitrogen source under
nitrogen-rich conditions. Sisubstrates were first cleaned in hydrofluoric acid (10%) to remove
surface oxide before loading to the MBE chamber. Subsequently, the substrates were in situ
degassed at ~770 °C in the growth chamber prior to the growths. During the growth
process, the nitrogen flow was kept at 1.0 standard cubic centimeter per minute (sccm) with
a forward plasma power of ~350 W. The light-emitting diode (LED) active region consisting
of 10 InGaN/GaN dots, each composed of ~3 nm InGaN and ~3 nm GaN barrier layer,
was grown on ~0.4 ym GaN:Si nanowire base as schematically shown in Figure 3.1(a). The
remaining LED structure also consists of a ~10 nm p-doped AlGaN electron blocking layer
(EBL) grown in between the LED active region, and ~0.2 um GaN:Mg segment. Finally, an
AlGaN layer of ~40 nm was grown on top of the nanowire for the formation of an AlGaN
shell layer. The GaN:Si and GaN:Mg segments were grown at ~750 °C. The InGaN/GaN
quantum dot (QD) active region was grown at relatively low temperatures (~610 — 630 °C)
to enhance In incorporation in the QDs. The growth rate for the InGaN/GaN QD active
region is ~1 nm/min. Typical nanowire diameters are ~50 — 75 nm. The single InGaN QD in
GaN nanowire samples were grown at similar growth conditions but without the additional
AlGaN EBL and top AlGaN layer, as illustrated in Figure 3.1(b). A 3-dimensional model of
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Figure 3.1: Schematic illustration of the InGaN/GaN dot-in-a-wire heterostructure with (a) multiple (10)
QDs and additional AlGaN EBL and top AlGaN layer, and (b) a single InGaN QD. (c¢) 3-D schematic
model of the multiple dot-in-a-wire structure and a corresponding cross-sectional cut-out along a-plane at
the center of the nanowire, section plane is outlined by dotted red box along direction of the arrows. The
“tail” region and the angle of inclination relative to the c-plane, 8, are also marked in the cross-section view.

a multiple dot-in-a-wire structure, detailing the complex bent morphology of the QDs that
originated from a faceted growth front, and resulted in their nested-like nature along the

growth direction is presented in Figure 3.1(c).

3.2.2 STEM Characterization

The scanning transmission electron microscopy (STEM) was performed using a FEI Titan
Cubed 80-300 STEM, fitted with a high-brightness field-emission gun (X-FEG), aberration-
correctors on both the probe- and image-forming lens systems, a monochromator, and a high-
resolution electron energy-loss spectrometer (Gatan GIF Quantum 966). All experiments
were carried out at an accelerating voltage of 200 kV, except for the annular bright-field
(ABF) imaging which was done at 300 kV, with 19 mrad convergence angle. Atomic-number
sensitive (Z-contrast) high-angle annular dark-field (HAADF) images were obtained using
a detector angular range of 63.8 — 200 mrad, and ABF images using a detector angular
range of 5 — 31 mrad. Elemental mapping by electron energy-loss spectroscopy (EELS) in
STEM mode was done with the N K, In M, 5, and Ga L, 3-edges using the spectrum imaging
technique. Typical beam currents and dwell times used during STEM imaging are 40 —
45 pA, and 6 — 20 us, respectively. Beam current and dwell time used during the atomic-
resolution STEM-EELS mapping are 50 — 60 pA, and 5 ms, respectively, with the total
acquisition time of each spectrum image under 30 s.

Based on these acquisition conditions for imaging and spectroscopy in STEM, the esti-
mated current density with a ~1 A probe is ~5.1 —5.7 x10° A /em? and 6.4 — 7.6 x10° A /em?,
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respectively. The range of total electron dose sustained during STEM imaging, dependent
on the dwell time and pixel size, is ~5 — 160 C/cm? and well below the 7700 C/cm? threshold
dose for electron beam damage reported in Ref. [77]. The total dose for the EELS spectrum
imaging is ~3200 — 3800 C/cm?, which is half of the damaging dose from Ref. [77], but can
be exceeded due to oversampling at atomic-resolution. Therefore a high-dose technique like
EELS could induce radiation damage within the InGaN, resulting in an inhomogeneous strain
distribution. However, images before and after (Figures 3.5(a) and 3.5(b), respectively) the
elemental mapping in Figure 3.5 showed no significant electron beam damage. Furthermore,
the conclusions regarding the atomic-ordering can be confirmed from the lower-dose STEM
imaging alone. The elemental mapping is solely to confirm the chemical composition origin
of the modulated Z-contrast in the ordered InGaN alloys.

3.2.2.1 Sample Preparation

The as-grown nanowires samples were mechanically removed from the Si substrate, dispersed
in anhydrous ethanol, and deposited on carbon-coated TEM support grids for observation.
Longitudinal cross-sectional samples of nanowires were prepared by focused ion beam (FIB)
milling using a Zeiss NVision 40 dual-beam system with deposited W as protection layer,
followed by subsequent low-energy Ar-ion thinning using a Fischione Model 1040 NanoMill®.
Nanowires shown in Figure 3.2(a) (same in Figures 3.4 and 3.9), Figure 3.5, and Figure 3.6
are separate as-grown nanowires, while nanowires in Figure 3.2(b), and Figure 3.3 (same in
Figures 3.7 and 3.8) are separate FIB cross-sections. Extraneous dot-like contrast on FIB
cross-sections is a result of redeposition of W particles during the Ar-ion thinning and plasma

cleaning.

3.2.2.2 Spectral Analysis

A multiple linear least-square (MLLS) fitting routine implemented within DigitalMicrograph
was used to treat the EELS spectrum images to separate the N K-edge (399 eV) contributions
from that of the In M, s-edge (451 eV in InGaN). The N K-edge from the nearby n-GaN
region as internal reference (from a spectrum image of the same nanowire done at low
magnification) combined with the In M, 5-edge from an InN nanowire as an external reference
were used for the MLLS fitting. Quantification of the In-content in the nanowire is achieved
by subsequent normalization of the resulting In-map with the N-map derived from their
respective MLLS fitting coefficients as described in Chapter 2. In group III-nitride materials,
the III:N ratio equates to unity to maintain stoichiometry, therefore the projected thickness

normalized In-content map from the use of the N-signal in In,Ga;_,N should contain values
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corresponding to the In-composition (z).

3.3 Atomic-Scale Image Intensity Modulations

Atomic-number (Z-contrast) sensitive STEM high-angle annular dark-field (HAADF') imag-
ing of the overall nanowire heterostructure is presented in Figure 3.2(a), illustrating the 10
centrally-embedded InGaN quantum dots (QDs) appearing as bright regions, each capped
by a GaN barrier layer. The InGaN/GaN QDs make up the device active region between n-
and p-doped GaN segments along the growth direction for these nanowire LEDs (see further
details of the overall nanowire structure in Figure 3.1). Typically the InGaN QDs exhibit
outer edges that are slightly to severely bent downwards (opposite the growth direction),
with an angle of inclination (f) from the c-plane ranging ~15 — 60°, henceforth referred
to as the QD “tails”. The degree of bending observable in STEM depends on the partic-
ular zone-axis (a- or m-plane), demonstrated by the differences in projected shape for the
nanowire in Figures 3.2(a) and 3.4. This establishes that the QD surface facets lie on {101/}
with [ = 1, 2, 3, in order to be seen edge-on along a-plane orientation. Detailed imaging of
the QDs along the c-axis growth direction in detail (Figure 3.2(b)) shows the presence of os-
cillatory HAADF intensity occurring at the atomic-level, exhibiting alternating bright/dark
c-planes within the bulk of some QDs and at the outer QD “tails” when viewed in the {1120}
orientation. This is suggestive of 1:1 bilayer atomic ordering, as seen in the image intensity

line profile in Figure 3.2(c).

3.4 Local Nano-Beam Electron Diffraction

Electron diffraction patterns (DPs) recorded from the ternary InGaN QDs were obtained
in the {1100} zone-axis in STEM mode (as convergent beam electron diffraction patterns
with small discs due to the small 0.91 mrad convergence angle) to confirm the presence of
superlattice reflections without any ambiguity from possible double diffraction common in
the {1120} orientation. The DP of Figure 3.3(b) and its corresponding intensity line profile
(Figure 3.3(c)) along the c-axis show the presence of the otherwise forbidden 0001 and 0001
superlattice reflections with local intensity maxima at half the 0002 position, unambiguously

confirming the presence of 1:1 bilayer atomic ordering within the ternary InGaN [79].
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Figure 3.3: (a) STEM-HAADF image of the first four QDs in the active region, showing moderate variations
in image intensity within the InGaN alloy viewed along the {1100} zone-axis. (b) DP collected from QD#1
with the probe positioned in the area marked by a red cross in (a) showing the presence of superlattice
reflections at half the periodicity of the fundamental reflections. (c) Intensity line profile of the DP in (b)
between the arrows. Extraneous circular bright contrast in (a) is from redeposition of W particles during
Ar-ion thinning and plasma cleaning,.

3.4.1 Degree of Ordering

The prevalence for high degree of ordering within the first QD in the multiple QD nanowire
heterostructures, and similarly in the single QD nanowires, is demonstrated in the diffraction
pattern (DP) “spectrum image” of Figure 3.4 using the nanowire from Figure 3.2(a). Local
DPs extracted along the {1100} zone-axis were acquired using a ~nm-sized probe in STEM
mode using a small convergence angle of ~0.91 mrad along the growth direction. Specific DPs
(Figure 3.4(a)) from marked InGaN QD positions in Figure 3.4(b) exhibit the presence of
superlattice reflections, further confirming the presence of atomic ordering within the InGaN
alloy as also visible in the HAADF images along the two main orientations in Figures 3.4(c)
and 3.4(d). Varying relative intensities between the superlattice 0001 and fundamental
0002 reflections are also observed between the different DPs, suggestive of a varying degree
of ordering between the different InGaN QDs, i.e. different fraction of In-atoms occupying
their preferred site at a particular composition. Specifically, the strongest superlattice spots
commonly originate from within the tails of the first QD (red boxed DP in Figure 3.4(a)) or
the bulk of the first QD in the nanowires observed.
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Figure 3.4: (a) {1100} DPs collected with the probe positioned at different areas along the black-dotted
line on the nanowire, each DP is color-coded with its position marker in (b). STEM-HAADF image of
the nanowire from Figure 3.2(a) along the {1100} zone-axis, (b) a low-magnification view with the probe
positions of the DPs in (a) marked by colour-coded crosses, and (c) a detailed view of the QD#1-4 where
intensity modulations in this orientation are also visible. (d) A detailed view of the same QD#1-4 along a
{1120} zone-axis tilted 30° away (same as in Figure 3.2(a)), where the intensity modulations due to ordering
are more pronounced. The brightness and contrast of the DPs in (a) have been adjusted equally to emphasize
the weaker superlattice reflections.

3.4.1. Degree of Ordering 70



Ph.D. Thesis — Steffi Y. Woo McMaster University — Materials Engineering

3.5 Localization of Indium Distribution in Single Dot
Nanowires

The extent of the localization of indium in alternating planes within the ordered InGaN
was further examined from atomic-resolution elemental mapping using electron energy-loss
spectroscopy (EELS). The STEM-HAADF image of the InGaN QD within a single QD
nanowire (comparable to first QD in the 10 dot-in-a-wire samples) and a high-magnification
view demonstrating its ordering within its bulk is shown in Figures 3.5(a) and 3.5(b). The
acquisition area of the spectrum image is boxed within Figure 3.5(b). Signal from the rele-
vant In M, 5-edge was extracted using multiple linear least-squares (MLLS) fitting methods
described in Ref. [177] using external reference spectra from binary GaN and InN nanowires.

An In-map derived from the MLLS fitting coefficients (Figure 3.5(d) and its line profile in
(g)) shows an In-enrichment in alternating c-planes that match the maxima in the HAADF
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Figure 3.5: (a) STEM-HAADF image of the single QD and (b) its high-magnification view along the
{1120} zone-axis, showing the high degree of ordering within the bulk and the “tails” of the QD. Atomic-
resolution STEM-EELS spectrum imaging of the region boxed in (b), showing (c¢) the ADF signal collected
concurrently, (d) the MLLS fit-coefficient map of the In-signal, and (e) the thickness-projected In-content
map. Line profiles of the STEM-EELS maps in (f)—(h) shows that the localization of In corresponds to the
ADF intensity maxima. Horizontal bands of contrast in (a) are likely planar defects seen inclined along the
projection direction.
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signal collected concurrently (Figure 3.5(c) and its line profile in (f)). Furthermore, following
the pseudo-thickness normalization with the N K-edge signal described in Section 3.2.2.2
and detailed in a previous chapter (Section 2.2.3), a thickness-projected In-content map
(Figure 3.5(e)) is also generated, showing that the In-content variation in alternating c-
planes is significant. The average In-content within the bulk of this ordered In,Ga;_,N QD
in Figure 3.5 is z ~ 0.12+0.02, approximate to the In-deficient planes composition. On the
other hand, the In-rich planes exhibit an average deviation from the local mean composition
by >25%, as shown in the line profile in Figure 3.5(h). Similar enrichment in additional
elemental map of ordered QD in multiple dot-in-a-wire is shown in Figure 3.6. Due to the
centrally-embedded nature of the QDs, the magnitude of the measured In-content variation
between adjacent planes is expected to be underestimated due to additional contributions
from the GaN shell present along the projected-thickness. In addition, beam broadening
effects along the projection direction in a relatively thick specimen (~35 nm) would also
dampen out the relative difference in the STEM-EELS signal between the In-rich and Ga-
rich planes.

It is important to note that superlattice peaks in XRD can also be attributed to the pres-
ence of nitrogen vacancy ordering [160, 178]. Extracted EELS spectra (see Figures 3.6(f)
and 3.6(g)) from the In-rich c-planes show a significantly higher intensity in the In M4 5-edge
compared to the adjacent In-deficient planes. Conversely, the Ga L; 3-edge (after normalizing
the integral before the edge onset) shows the corresponding trend confirming the In-deficient
planes are Ga-rich, supporting the suggestion of cation ordering as the cause for the super-
lattice reflections in the DP of Figure 3.3(b). A previous study of much larger-scale (few
nm period fringes) compositional modulations in Ing 5Gag 5N, using energy dispersive X-ray
spectroscopy in TEM, showed comparable systematic modulations in Ga and In concentra-
tion change distributed across the fringes [169]. Additional EELS analysis in the same study
[169] showed a significant increase in the Ga Ly 3-edge intensity in spectra collected from
the Ga-rich fringe, and no change in the N K-edge, but the direct contributions to the In

M, 5-edge in close proximity was neglected.

3.5.1 Localization of Elemental Signal in Multiple Dot-in-a-wire

The localization of indium between alternating planes within ordered In,Ga; N in multi-
ple dot-in-a-wire samples was also demonstrated using atomic-resolution elemental mapping
with STEM-EELS in Figure 3.6. The measured In-content in the tail of this ordered QD#1
is overall higher than the single QD in Figure 3.5, showing ranges between x = 0.16 — 0.25 in

Figure 3.6(j). The In-rich planes exhibit an average enrichment of ~32% from the local mean
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Figure 3.6: (a) STEM-HAADF image of a 10 dot-in-a-wire and (b) high-magnification view of QD#1,
showing its high degree of ordering within the bulk and “tail” of this QD. Atomic-resolution STEM-EELS
spectrum imaging of the region boxed in (b), showing (c) the ADF signal collected concurrently, (d) the
MLLS fit-coefficent map of the In-signal, and (e) the thickness-projected In-content map. EELS spectra
extracted from adjacent In-rich (red) and Ga-rich (In-poor, blue) single atomic-planes from same-sized
regions boxed in (d), showing (f) the N K and In M, s-edges, and (g) the Ga Ly 3-edge (with integral before
the edge onset normalized). (h)—(j) Corresponding line profiles of the STEM-EELS maps show that the
localization of In is consistent with the ADF intensity maxima. The distortions in the spectrum image are
due to specimen drift during acquisition.

composition of x = 0.19 where the spectrum image was done, as shown in the line profile
in Figure 3.6(j). At the extreme, comparison between the Ga-rich plane and In-rich plane
boxed in blue and red, respectively in Figure 3.6(d), even demonstrates a ~55% relative
increase. Extracted EELS spectra from the In-rich c-planes (red spectrum in Figure 3.6(f))
show a significantly higher intensity in the In M, s-edge (~451 eV) compared to the adja-
cent In-deficient planes (blue spectrum). Conversely, the Ga Ly 3-edge (Figure 3.6(g), after
normalizing the integral before the edge onset) shows the complementary trend confirming
the In-deficient planes are Ga-rich, affirming cation ordering as the cause for the superlattice
reflections in the DP of Figure 3.3(b).
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3.6 Crystal Polarity Determination

Complementary STEM annular bright-field (ABF) imaging, which enables the visualization
of atomic columns with light elements such as N [18, 179], was used to directly determine the
crystal polarity within the ITI-N nanowires, as demonstrated at the InGaN/GaN:Si interface
in Figure 3.7(a). Validation that the n-GaN/InGaN interface in Figure 3.7(a) is situated on
a faceted growth surface inclined along the a-plane projection direction shown, is presented
in Figure 3.8 and schematically in Figure 3.9. The InGaN QD, seen in high-magnification
images (Figure 3.7(b)), and line profiles of the atomic dumbbells (Figure 3.7(c)) show clear
distinctions between In- and Ga-atoms as well as the relative location of N-atoms to deduce
the nanowire as N-face polar. This particular assignment of polarity indicates that the In-
atoms have a preferential occupation at the lower-coordination site (N=2) along a pyramidal
surface facet, such as the (1011) plane shown in the crystal structure model of Figure 3.7(d).
This finding provides equivalent experimental evidence for the T'1 site (a lower-coordination
site which forms only one N-bond) on a {1011} surface from the theoretical model proposed
by Northrup et al. [170] for ordering in Ga-polar InGaN layers, which also similarly applies
for N-polar InGaN layers.

Within the nanowire heterostructures, it should be emphasized that the InGaN QDs
have a bent morphology (see Figure 3.2) that formed their given shape from a highly faceted
growth front with strong non-basal components, which propagated from growth conformal
to the top surface facet of the n-GaN base [113]. Thus, the QD exhibit vicinal facets that are
inclined with respect to the basal plane ranging from ~15 — 60°, encompassing {1011}, with
a large majority close to 35° or 45° corresponding to {1013} and {1012}, respectively. The
theoretical calculations from Ref. [170] were used to propose a mechanism for bilayer atomic
ordering in InGaN alloys, where site energy differences at the {1011} surface steps can drive
the preferential occupation of In/Ga-atoms. As Rao et al. [180] experimentally demonstrated
that faceting promoted ordering within InGaN epilayers grown on faceted GaN, the present
results also suggest a similar surface energy origin for atomic ordering within the nanowires.
The faceted growth front in nanowires can provide {1011} or similar vicinal surfaces (between
the c- and m-plane) exposing the two differently-coordinated sites to assist in the preferential
occupation of In into the lower-coordination site (two-fold in N-polar case). It should be
noted that high degree of ordering is most prevalent but not exclusive at the QD “tails”
originating from growth on vicinal facets, as ordering is also observed in regions where the
GaN/InGaN interface is abrupt along c-plane (Figure 3.2(c)). Due to the longer In-N bond
with weaker bond energy, In-adatoms have relatively high mobility on surfaces [80]. An

exchange reaction between In-adatoms and incorporated surface Ga-atoms is even possible
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Figure 3.7: (a) STEM-ABF image of QD#1 exhibiting ordering at the InGaN/GaN:Si interface and (b)
a high-magnification view of area boxed in blue in (a). Gaussian-smoothing has been applied to the ABF
image. (c) Line profiles of the ABF signal along atomic dumbbells, including both projected columns (Total,
black dashed line from yellow dashed box in (b)), and separating into Top (red dashed box) and Bottom
(blue dashed box) columns to emphasize the weaker minima from the N-atoms. Identification of the In- and
Ga-atoms is differentiated by the minima in the Total profile, deducing the nanowire as N-polar. (d) Model
of bilayer-ordered InGaN alloy with N-face polarity from the preferential incorporation of In at the reduced

N-coordination site (two-fold coordinated, N=2) and Ga at the three-fold coordinated site (N=3) along a
{1011} surface facet.
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along c-plane surface, but most energetically favourable at an edge site on vicinal surfaces
[181]. Furthermore, a site substitution between an incorporated bulk-site In-atom with Ga-

atoms at a surface site, can also take place lowering the overall energy of the system [170].

3.6.1 Identification of Interfacial Region in ABF Image

The specific region shown in the ABF image of QD+#1 in Figure 3.7(a) was identified by
comparison with other lower magnification HAADF images by locating similar features, as
presented in Figure 3.8. Ordering has been confirmed in this boxed region in Figure 3.8(a)
from STEM-HAADF (Figures 3.8(c) and 3.8(d)) and diffraction techniques to correspond
to the differentiation between the two cation sites and its elemental occupancy from STEM-
ABF. The HAADF intensity line profile in Figure 3.8(d) shows a smooth transition with a
sloping background intensity across the n-GaN/InGaN interface, in contrast to the abrupt
transition at the GaN/InGaN interface shown in Figure 3.2(c) that is suggestive of a c-plane

growth front at that location. Therefore the profile in Figure 3.8(d) is indicative of a non-
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Figure 3.8: (a) STEM-ABF image of the InGaN/GaN:Si interface, containing the cropped region (boxed
in blue) that is Figure 3.7(a), as a raw image without Gaussian-smoothing applied. STEM-HAADF images
of the same nanowire, including (b) the low magnification view of n-GaN and QD#1-4, and (c) detailed
view of the InGaN/GaN:Si interface with the region corresponding to the boxed area in (a) also indicated.
Features in common between images (a)—(c), from extraneous contrast caused by redeposition of W particles
during Ar-ion thinning and plasma cleaning, are marked using colour-matched arrows. All images are viewed
along the {1120} zone-axis, with growth direction towards the left. (d) Integrated HAADF intensity line
profile from the red dashed box region in (c), showing the oscillatory image intensity from QD#1, and the
sloping background intensity supporting the presence of a faceted growth front inclined along the projection
direction at this InGaN/GaN:Si interface.
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Figure 3.9: Schematic diagrams of the proposed location of the lift-out lamellae from FIB cross-sections of
nanowires featured in (a) Figure 3.7 and Figure 3.8, and (b) Figure 3.2(b), as boxed in green dashed line in
the top-down view. Shades of red are assigned as InGaN QDs, varied to differentiate adjacent facets, with
darker shade within a single facet to indicate more projected thickness, and the white background as GaN
layers. The resulting HAADF intensity line profiles of the GaN/InGaN interface integrated within the blue
dashed boxes in the side view (same projection as observed in STEM), shows (a) a smooth transition (light
to dark shade between blue arrows) at the QD tails, and (b) an abrupt transition due to the milling away of
tails. (c) Same STEM-HAADF image as Figure 3.4(d), of the as-grown nanowire presented in Figure 3.2(a)
viewed along {1120} zone-axis, with blue dashed box marked at the n-GaN/InGaN interface to assess the
nature of the interface. (d) Integrated intensity line profile from the blue dashed box region at QD#1 in
(c), showing the sloping background intensity supporting the presence of a faceted growth front inclined
along the projection direction at base regions of the QD (its tails) that grew on an vicinal growth surface on
the underlying n-GaN.

basal plane inclined along the projection direction shown due to presence of the QD tails in
the center of the nanowire. This validates that Figure 3.7(a) corresponds to the base regions
of the QD, situated on a faceted growth surface on the underlying n-GaN.

Schematic diagrams depicting the differences between the two proposed FIB cross-section
locations across the QDs in Figure 3.7 and Figure 3.2(b), by comparing the two HAADF in-
tensity line profile outcomes, are presented in Figures 3.9(a) and 3.9(b), respectively. Demon-
stration of a sloping background intensity in the highly-ordered base regions at the centre of
the nanowire, evident in QD#1 from Figure 3.2(a) (also shown in detail in Figure 3.4(d)),
is presented in Figures 3.9(c) and 3.9(d). The resulting intensity profile from this as-grown
nanowire represents well the situation depicted in Figure 3.9(a), confirming that a vicinal
growth surface is indeed present, where the QD tails are only not visible edge-on in the

zone-axis shown in the Figures 3.8(c) and 3.8(d) (same area as in Figure 3.7(a)).
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3.7 Discussion

The first InGaN QD, grown pseudomorphically to the underlying n-GaN base, similar to
InGaN/GaN thin films, is unlike the other nine QDs in the series. The latter QDs have
been shown to be strain partitioned with the GaN barrier layers and partially relaxed along
the in-plane direction, discussed previously in Section 2.5. The prevalence for the highest
degree of ordering in QD#1 (see Figure 3.4) suggests that the higher degree of in-plane
compressive strain could favour the preferential site occupation of the larger In-atoms into
the N=2 sites for better bond relaxation. Although the local strains within and between
single atomic layers in the ordered QDs is not detectable within the limits of current imag-
ing methods, it can be surmised that the different covalent radii of In- and Ga-atoms can
impart slight compressive and tensile strains into their respective In-rich and Ga-rich layers
[165]. Therefore ordered alloys can better accommodate strain at a coherent interface than
a random alloy due to the simultaneous accommodation of two different bond lengths [161].
A higher degree of in-plane compressive strain, such as that observed in QD#1, can pro-
vide additional driving force for this modulated strain distribution in adjacent layers [163],
further promoting the formation of ordered alloys while suppressing phase separation [162].
Based on these strain considerations, single InGaN QD nanowires, such as in Figure 3.5,
were investigated systematically to illustrate that a high degree of ordering can be induced
with high probability. The single InGaN QD is comparable to QD#1 in the 10 dot-in-a-wire
samples, exhibiting similar bent morphology, In-content, and strain-state (coherent to the
underlying n-GaN base). Most importantly, all single InGaN QD nanowires observed exhibit
strong atomic-ordering as confirmed from HAADF imaging and/or electron diffraction.

In consideration of the effects on optical properties, atomic ordering within InGaN alloys
can be proposed as a new path to achieve high-efficiency long visible wavelength photonic de-
vices, in particular in the nanoscale devices demonstrated in this letter. High In-compositions
often lead to In-clustering due to phase separation [70], resulting in broad linewidths undesir-
able for laser and single-colour LED applications. Due to the expected reduction in bandgap
[165, |, ordered InGaN alloys can reach longer wavelengths without as much In incorpo-
rated, and hence exhibit smaller lattice strain. Photoluminescence and cathodoluminescence
spectroscopies suggest a similar red-shift behavior within the ordered-only single InGaN QD
nanowires relative to the multiple dot-in-a-wire. However, experimental comparison with
identical random alloy counterparts of equivalent (or at least similar) compositions, in par-
ticular within nanowire heterostructures, remains to be a challenge. The reduced strain will
also likely suppress defect formation, enhancing carrier transport due to less carrier scatter-

ing. In addition, with an overall decrease in piezoelectric coefficients (e3; and es3) calculated
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for ordered InGaN alloys [173], a reduction in piezoelectric polarization compared to random
alloys is expected. The growth kinetics unique to nanowires, such as contributions from side-
wall adatom diffusion, and the resulting low density of defects, make nanowires an excellent
platform to understand fundamentally the formation and stability of ordered III-V alloys and
other kinetically-driven effects. Therefore, atomic ordering within nanowire heterostructures
can ultimately provide another method to control compositional fluctuations and structural
disorder by simultaneously suppressing phase separation. Furthermore, this study highlights
the potential for the controlled formation of such atomic ordering to provide an atomic-scale
band engineering approach to tune the emission wavelengths from deep green to red spectral

range, which has been difficult to realize previously using InGaN materials.

3.8 Conclusion

To summarize, atomic-level chemical ordering in wurtzite InGaN alloys within InGaN/GaN
nanowire heterostructures was confirmed using electron diffraction and direct visualization
at atomic-resolution. Experimental evidence shows that the degree of In-enrichment in
In-rich layers is significant, and the preferential site occupation of In-atoms into reduced N-
coordination sites at vicinal surface facets validates the existing theoretical model based on
surface site energetics. The prevalence for ordering of InGaN alloy is explained by a combi-
nation of the non-flat growth front that progressed along the nanowire heterostructure, and
the in-plane strain relaxation of the alloy relative to the underlying GaN. Atomic ordering
offers an alternative against larger-scale compositional inhomogeneity, which could be advan-
tageous for obtaining high-quality InGaN/GaN heterostructures to realize full wavelength

tunability towards the deep visible spectrum.
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Chapter 4

Correlative Nanoscale Luminescence

and Elemental Mapping

4.1 Introduction

Ternary InGaN compounds show great promise for light-emitting diode (LED) applications
because of bandgap energies (0.7 — 3.4 V) that can be tailored to have emission wavelengths
spanning the entire visible spectrum. Given the large lattice mismatch strain present in con-
ventional planar c-plane growth of InGaN epilayers or quantum wells (QWs) on GaN, the
formation of a high density of threading dislocations can be detrimental for obtaining high
optical-quality materials. Additionally, the wurtzite-structured III-nitrides, when grown
along its polar c-axis also exhibit large magnitudes of spontaneous and piezoelectric po-
larization at heterointerfaces. Such polarization-induced electrostatic fields can also have a
substantial effect on the optical and electrical properties of InGaN/GaN QW structures. De-
spite the less than desirable crystalline quality, InGaN alloys have managed to achieve high
efficiency as light emitters in practical applications for solid-state lighting and diode lasers for
optical storage with huge commercial success. The inherently high luminescence efficiency
is believed to be caused by carrier localization taking place at nano- and atomic-scale com-
positional inhomogeneity. Such localization behaviour holds even in random In-containing
(In,Al)GaN alloys with characteristic disorder at statistical fluctuations [90]. This local-
ization phenomenon, however, also results in inhomogeneouos broadening of the emission,
accompanied with strongly retarded recombination dynamics, and significant Stokes-type
shift due to localized states at potential minima [95].

Nanowire (NW) or nanorod geometries, both bottom-up (catalyzed or self-catalyzed)

epitaxial growth and top-down etching of planar epilayers, have been proposed to have en-
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hanced strain relaxation due to the additional free surfaces. The nanowire geometry also
opens up the variety and complexity of device design opportunities. Complex III-N device
heterostructures have been incorporated into GaN nanowires recently, but exhibit emission
linewidths that are broader than expected for their corresponding planar counterparts us-
ing photoluminescence (PL) spectroscopy [17, 85]. It is thus critical to understand how
the overall structural and chemical properties interplay with optical and electrical proper-
ties within individual nanowire structures, using combined spectroscopic methods that can
resolve different localized signals at the nanoscale within analytical scanning transmission
electron microscopy (STEM).

Although the bulk of GaN nanowires are considered relatively strain-free, the integra-
tion of axial InGaN/GaN heterostructures have demonstrated that the presence of misfit
strain still arise at the heterointerfaces [15, ]. The presence of strain can have an influ-
ence on the resulting morphology and faceting of the InGaN insertions (also referred to as
quantum dots or quantum discs), as well as the incorporation of indium already discussed
previously in Chapter 2. Irrespective of the total number of successive QDs in short-period
heterostructures, inhomogeneity arises in the relative In-content within individual nanowires.
Additionally, this also further leads to a different degree of elastic strain relaxation [113],
which already is inherently dependent on the radial distance to the free sidewall surface
[156] and the overall nanowire diameter [132]. Affected by the enhanced relaxation at the
free surfaces, such nanowire heterostructures (NWH) are susceptible to an inhomogeneous
strain distribution in the radial direction; theoretical studies suggest it is the culprit to the
broadened luminescence common in nanowire structures [23].

Several studies utilizing nanometer-resolved cathodoluminescence (CL) spectroscopy in
STEM have already demonstrated the viability of the technique for correlating nanoscale
structural and chemical properties in InGaN insertions within GaN nanowires to optical
properties probed locally. In the work of Tourbot et al. [I11] regarding thicker InGaN
insertions with thicker GaN barriers (15 nm and 10 nm, respectively), the emission appears
localized to the thickness of single InGaN insertions of ~15 nm. Despite the higher In-content
at the top of the insertions due to compositional pulling effect quantified using energy-
dispersive X-ray (EDX) spectroscopy, such a compositional gradient did not correspond to
any spectral shift in the CL emission. In particular, the emission is most intense at the
high In-content upper portion of each insertion and non-radiative in the lower In-content,
suggestive of their relative carrier capture strength as radiative recombination centres. On
the contrary, Zhou et al. [183] have more recently reported in GaN nanorods containing four
InGaN nanodisks of similar dimensions, that carrier diffusion can be as large as 50 nm. It

is important to note that the first two nanodisks were intended to target green emission
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and the last two along the growth direction for red emission (nominal In-content of 20 —
30% and 40%, respectively). The resulting emission energy does show correspondence to
the intentional variation in composition amongst InGaN nanodisks, determined from the
relative amount of In using EDX. In order to gain a fundamental understanding of the
nanoscale optical properties, both of the aforementioned studies were performed on model
InGaN/GaN heterostructures with few number of insertions with large thickness and spacing.
Furthermore, without intentional doping, these heterostructures do not represent fully the
behaviour in short-period multiple quantum well/dot typical of LED device structures.

In this chapter, multiple InGaN/(Al)GaN quantum dot (QD)-embedded NWH for LED
application, with tunable emission wavelengths within the visible spectral range, were char-
acterized by CL in STEM. Previous observations using electron energy-loss spectroscopy
(EELS) in STEM have shown a systematic non-uniformity of In-content between successive
InGaN QDs (already detailed in Chapter 2). Additionally, from PL spectroscopy mea-
surements from an ensemble of nanowires, the dot-in-a-wire structures show broader than
anticipated emission peaks, as compared to linewidths expected from corresponding planar
multiple QWs. STEM-CL hyperspectral imaging or spectrum imaging can provide spatially-
resolved spectroscopic information regarding the emission process at the nanoscale. Thus,
optical signatures can be directly assigned to structural features, including the morphology,
elemental distribution, strain state, and even the presence of defects acting as (non-)radiative
recombination centres. Therefore the purpose of the CL study is in an effort to correlate
the In-content variation between the InGaN QDs in individual nanowires, with the broad

emission band from an ensemble of the nanowires observed at the macroscopic level.

4.2 Methods

4.2.1 MBE Growth

Multiple InGaN/GaN and InGaN/AlGaN dot-in-a-wire nanostructures are grown on Si(111)
substrates by rf plasma-assisted molecular beam epitaxy under nitrogen-rich conditions
without the use of any external catalyst, as described in further detail in Ref. [85, ].
For the InGaN/GaN nanowire heterostructures, identical to those discussed in Chapter 2,
a 10 InGaN QD series, each capped by a GaN barrier layer, is centrally confined within
the nanowire active region embedded between n- and p-doped GaN in the nanowire het-
erostructure. Additional components in the device structure include the high-bandgap p-
AlGaN electron-blocking layer (EBL) and the p-InGaN test well towards the p-GaN, used

to mitigate and evaluate effects of electron overflow, respectively. The single InGaN QD in

4.2. Methods 82



Ph.D. Thesis — Steffi Y. Woo McMaster University — Materials Engineering

GaN nanowire samples were grown at similar growth conditions but without the additional
AlGaN EBL and InGaN test well (described in Chapter 3). The InGaN/AlGaN nanowire
heterostructures also consists of a 10 InGaN QD series, but each capped by a p-doped AlGaN

barrier layer that function simultaneously as distributed EBLs and surface passivation.

4.2.2 Scanning Transmission Electron Microscopy
4.2.2.1 Nano-Cathodoluminescence

Nanometer-resolution STEM-cathodoluminescence (nanoCL) spectral imaging on individ-
ual dot-in-a-wire structures was performed using a custom-built system on a VG HB-501
dedicated STEM at the Université de Paris-Sud XI. The in-house high collection efficiency
CL spectrum imaging detection set-up is described in detail by Zagonel et al. [122]. The
microscope is equipped with a high-brightness cold field-emission gun capable of very high
beam currents, operated at 60 kV with typical probe currents of 50 — 100 pA with ~1 nm
probe size. In the absence of aberration-correction, typical spatial resolution obtained is ~1
nm. Specimens were cooled to ~150 K with liquid nitrogen to further minimize effects of
beam damage and concurrently increase radiative emission efficiency by surpressing phonon-
assisted non-radiative recombination. Photons are collected by a parabolic mirror with a
large solid-angle, coupled into a fibre optic bundle and dispersive optical spectrometer (150
grooves per mm diffraction grating blazed to 500 nm) read-out in parallel onto an electron-
multiplying charge-coupled device (EMCCD). Such a set-up allows for high-speed acquisition
while maintaining high-spectral resolution and high signal-to-noise ratio in the full emission
spectrum.

Experiments were performed in spectrum imaging mode for concurrent acquisition of
spatial information from bright-field (BF) and annular dark-field (marked ADF in figures
for simplicity) signals, allowing for a point-to-point comparison between the full CL emis-
sion spectrum collected at every pixel. Four-dimensional datasets Iop(z,y, A) are recorded
at each pixel as the beam rasters over the area of interest, which allows for the facile extrac-
tion of local spectra Iop(z;, i, A) or two-dimensional monochromatic CL images or maps
Icr(x,y,\;) by applying a spectral band-pass. Calibration of the dispersive grating and the
parallel-detection onto the CCD is carried out using pairs of emission lines from a Hg vapour
lamp for the visible wavelengths. The as-grown nanowires samples were mechanically exfoli-
ated from the Si substrate, dispersed in anhydrous ethanol, and deposited on carbon-coated

TEM support grids for observation.
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4.2.2.2 High-Resolution STEM

Subsequent characterization of the same nanowire heterostructures was carried out using
aberration-corrected scanning transmission electron microscopy (STEM). The possible gen-
eration of point defects caused by knock-on damage in GaN is undesirable for CL signal col-
lection, as they greatly quench the radiative recombination. The threshold for such electron-
beam damage in (In)GaN has been reported as 120 keV [185], and later refined to ~70 keV
specific to the decay of CL signal from InGaN [186]. Therefore the STEM-CL experiments
below the damage threshold were performed first, then followed by the high-resolution STEM
to study the atomic structure and elemental distribution. The high-resolution experiments
were performed with a FEI Titan Cubed 80-300, fitted with a high-brightness field-emission
gun (X-FEG), aberration-correctors on both the probe- and image-forming lens systems, a
monochromator, and a high-resolution electron energy-loss spectrometer (Gatan GIF Quan-
tum 966). All experiments were carried out at an accelerating voltage of 200 kV with 19
mrad convergence angle. Atomic-number, Z-contrast sensitive high-angle annular dark-field
(HAADF) images were obtained using a detector angular range of 63.8 — 200 mrad. El-
emental mapping by electron energy-loss spectroscopy (EELS) in STEM mode was done
with the N K, In M, 5, and Ga Ly 3-edges using the spectrum imaging technique. Multiple
linear least-squares (MLLS) fitting was used to separate the N K, In M, 5-edges within the
EELS spectrum images to extract the In-distribution for quantifying the In-composition, as
described in detail in Chapter 2.

4.3 InGaN/GaN Dot-in-a-wire Heterostructures

InGaN/GaN heterostructures in both axial and radial configurations have been widely im-
plemented within the nanowire platform by many research groups. The (In)GaN system
should benefit most of this architecture from taking advantage of the strain relaxation of the
very large lattice mismatch at free surfaces. Relatively dislocation-free nanowire arrays can
be grown given a small diameter. Nevertheless, there are still challenges in optimizing device
properties, including controlling electron overflow that can contribute to efficiency droop, and
improving the carrier injection efficiency to increase the output power of nanowire LEDs.
Electron overflow contributes to the efficiency degradation by the leakage of electrons outside
the active region at high current densities, which can be prevented by the addition of the
high bandgap AlGaN electron-blocking layer (EBL) [35]. The in-depth structural character-
ization of the InGaN/GaN dot-in-a-wire nanostructures with AlGaN EBL (and InGaN test
well) has already been highlighted in Chapter 2, therefore the current section will mainly
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focus on the nanoscale optical properties from individual nanowires examined using nanoCL.

Individual InGaN/GaN nanowire heterostructures examined using nanoCL show diverse
optical responses, but most nanowires exhibit multiple sharp emission peaks (25 — 50 nm
at FWHM) centred between 500 — 625 nm in the yellow-green wavelengths from the active
region, identified using the bright-field (BF) or annular dark-field (ADF) signals collected
concurrently. Multiple spectral features arise from the active region, showing an appar-
ent spatial origin dependence of changes in emission wavelength. The spatially overlapping
peaks spanning a wavelength range of ~100 nm within individual nanowires is consistent
with the unusually broad emission peaks measured from an ensemble of nanowires using
room-temperature PL spectroscopy. This indicates that the broad emission originates from
within single nanowires and is not an inhomogeneous broadening. Subsequent aberration-
corrected STEM-HAADF images on the same nanowires were acquired to evaluate their
structural properties, such as the size and morphology of the ten QDs within the nanowire
heterostructure (NWH). The elemental distribution was assessed using STEM-EELS, and
the local alloy composition was quantified. The luminescence intensity within nanowires
shows a direct relationship to the thickness of the GaN shell surrounding the InGaN/GaN
heterostructure and the presence of an AlGaN shell formed during the growth of the AlIGaN
EBL due to sidewall incorporation from direct impingement. Both enhance the in-plane
confinement of carriers, hence reducing non-radiative surface recombination. Additionally,
absence or even poor coverage of the additional AlGaN shell drastically changes the lumines-
cence spatial symmetry. The effects of the presence of built-in and polarization fields on the

excitation probability and resulting emission intensity distribution will also be discussed.

4.3.1 Alloy Composition and Polychromaticity in Single Nanowires

Atomic number (Z-contrast) sensitive high-angle annular dark-field (HAADF) imaging using
high-resolution STEM (HRSTEM) in Figure 4.1(a) demonstrates a typical nanowire viewed
along a (1120) zone-axis, with the ten InGaN/GaN QD series centrally confined within the
nanowire’s active region, embedded between n- and p-doped GaN segments in the NWH.
Additional components visible in the device structure include the p-AlGaN EBL (dark band)
and the p-InGaN test well (thick bright band) towards the p-GaN, included to mitigate
and evaluate electron overflow, respectively. It is noteworthy to mention that variations
in QD morphology, height, diameter, and HAADF image intensity in individual nanowires
are not uncommon. Furthermore, visible clearly near the bottom nanowire sidewall is an
Al-rich AlGaN shell (thin dark band arrowed in yellow) that formed spontaneously during
the growth of the AlGaN EBL from the sidewall impingement and minimal sidewall diffusion
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of Al-adatoms. Despite the relatively low surface recombination velocity in GaN nanowires
(~10% — 10* em/s [187, 188]), non-radiative recombination at nanowire surface states will
have a strong effect on the carrier diffusion within such nanowires. The additional higher-
bandgap AlGaN shell provides carrier confinement in the radial direction and sufficiently

passivates the surface [170].
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Figure 4.1: (a) HRSTEM-HAADF image along (1120) zone-axis showing the InGaN/GaN active region in
detail. NanoCL on the same nanowire: (b) BF and (f) ADF images acquired simultaneously during STEM-
CL spectral imaging, and (c — e) spatial maps of spectral features centred about the wavelengths labeled.
Four marked regions of interest (ROIs) that exhibit unique emission spectra are shown in (i). Correlative
HRSTEM: (g) quantitative EELS In-content map, and (h) corresponding line profile of the red-bracketed
region in (g). The line profile is overlaid with emission wavelengths colour-coded matching (j) the RGB
composite stack of multi-coloured wavelength-filtered CL maps showing the emission wavelength variations
according to the visible spectrum legend inset in (h).

BF and ADF images of the same nanowire acquired concurrently during the nanoCL
spectrum imaging, with marked locations of the four regions of interest (ROIs) that exhibit

unique emission characteristics are shown in Figures 4.1(b) and 4.1(f), respectively. The
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insufficient spatial resolution and lack of specimen tilting during the nanoCL experiments
usually leaves poor interfacial contrast, and often hinders the identification of individual
InGaN QDs that are only 3 — 5 nm in height. The orientation of the nanowire presented
in Figure 4.1 was sufficiently close to the basal plane, allowing the QDs to be distinguished
using the combination of line profiles from the BF and ADF images (approximate locations
marked in Figure 4.1(f)). The corresponding CL spectra from the four ROIs are presented in
Figure 4.1(i). When examining the CL spectra, firstly the emission intensity varies drastically
between the different emission peaks, with the most intense peak (at ~500 nm) five times
higher in intensity than other spectral features. Secondly, the emission wavelength of the
most intense features spanned a range of ~150 nm, consistent with the broad FWHM of
the emission peaks measured using PL. The two notable features suggest that the emission
characteristics are inhomogeneous even within individual nanowires.

Isolating the distinct emission bands within the CL spectra, the origin of these spectral
features can be revealed from within the spectrum image as spatial distribution maps based
on the corresponding electron probe position. Wavelength-filtered spatial maps of specific
spectral peaks centred about the wavelengths labeled is shown in Figure 4.1(c) — (e). Each
spatial map is summed slices within the spectrum image centred at the wavelengths as
labeled, with an integrated width of ~50 nm (in wavelength) and a linear extrapolation of the
background using a three-window method. The CL maps demonstrate a clear localization
of specific emission peaks to areas ~15 — 30 nm in size within the active region along
the nanowire growth axis, but also at the p-InGaN test well (Figure 4.1(e)). In addition,
some InGaN QDs appear to not emit at all or significantly less compared to adjacent QDs.
Similar CL quenching behaviour has been reported in other multiple InGaN insertions in
GaN nanowire structures previously [111, 183]. Zhou et al. [I83] attributed the non-radiative
recombination in the active layers specifically to the large number of I;-type basal plane
stacking faults in the higher In-content nanodisks. In the current nanowire, correlation
with HRSTEM of the same nanowires allows to eliminate sub-par crystalline quality and
any resulting structural defects as a probable cause for the observed CL quenching across
specific InGaN QDs within the active region. Carriers generated within the active region
that diffuse towards the InGaN QDs have a tendency to recombine at the lowest available
potential minima within its diffusion range [189]. Therefore CL quenching can also indicate
carrier diffusion away from the incident electron beam position.

HRSTEM-HAADF imaging on the same nanowire (Figure 4.1(a)) corroborates with the
approximate spacing between QDs identified in the nanoCL BF/ADF image pairs. The 10
QDs within the NWH exhibit a gradual increase in diameter along the growth direction,

and a morphological change along the growth direction from crescent-shaped (in particu-
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lar QD#1) to more flat and disc-like. Additional electron energy-loss spectroscopy (EELS)
spectrum imaging, together with multiple linear least-squares (MLLS) fitting, was used to
extract the In-distribution to quantify the In-composition projected through the thickness
of the nanowire (Figure 4.1(g)). An integrated line profile of the red-bracketed region in
Figure 4.1(g) is displayed in Figure 4.1(h). The origin of each individual emission peak
cannot be directly assigned to a single InGaN QD, as the localized CL signals in the 2D
maps (Figure 4.1(c) — (e)) span a distance that encompasses at minimum two QDs and its
surrounding barriers. The effect of the diffusion of generated carriers on CL signal delocal-
ization, and hence the spatial resolution of nanoCL spectral imaging, needs to be accounted
for, but will be discussed in a later section. An apparent spatial-spectral correlation is made
between shifts in the CL emission wavelength to the relative In-content between successive
QDs from the STEM-EELS In-content map (Figures 4.1(g) and 4.1(h)). Regions in the Fig-
ure 4.1(h) profile are colour-coded to the corresponding CL emission wavelength, matching
the RGB (red-green-blue) composite stack of polychromatic wavelength-filtered CL map in
Figure 4.1(j) based on the visible spectrum legend inset in Figure 4.1(h).

A second nanowire exhibiting a prominent gradient in CL emission wavelength along the
nanowire growth axis, and later confirmed gradation in InGaN QD size and composition,
is presented in Figure 4.2. The CL emission from this nanowire spans wavelengths with a
majority in the yellow-green with minor intensities in the blue-green (Figure 4.2(d)), dis-
played visually in the RGB composite stack of multi-coloured wavelength-filtered CL maps
in Figure 4.2(b). Concurrent spatial and spectral variations in a CL spectrum image can be
represented globally using the principles utilized in these references [127, |. Furthermore,
since the emission in this case lies in the visible, the representation can be even more direct
and true to tone. The polychromatic CLL map has been obtained by summing a stack of
the wavelength-filtered images from the CL spectrum image, each of which have been RGB-
encoded corresponding to the colour of its emission wavelength using the visible spectrum
directly as colour-scale. Individual QDs are not resolved for this nanowire, so only the ap-
proximate locations of the QDs and the InGaN test well are marked in the BF image from
the CL spectrum image in Figure 4.2(c).

In Figure 4.2(d) is a few select CL spectra summarizing the spectral variations from
different ROIs in this nanowire marked in the ADF image (Figure 4.2(a)). The InGaN test
well luminesces strongly in the yellow-green from a broad peak centred at 540 nm with 200
meV FWHM (ROI 1 spectrum), which is about twice as broad as the emission originating
from the InGaN QDs (c¢f. ROI 2 spectrum). The ROI 3 spectrum features multiple emission
peaks, some of which are recurrent across the ROI 1 and 2 spectra, but slightly redshifted
in ROI 3. Such proximity effects will be described in a later section (Section 4.3.4). Also
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Figure 4.2: (a) ADF and (c) BF images acquired simultaneously during STEM-CL spectral imaging,
with three ROIs marked in (a) that exhibit unique emission spectra shown in (d). Intensity scaling of
spectra in (d), when applicable, is indicated by a multiplier. (b) RGB composite stack of polychromatic
wavelength-filtered CL maps showing the emission wavelength variations according to the visible spectrum
legend. (e) HRSTEM-HAADF image along (1120) zone-axis showing the active region in detail, including
the thin Al-rich AlGaN shell (dark band) that formed along the nanowire sidewall (arrowed in yellow). (f)
Quantitative EELS In-content map obtained along adjacent (1100) zone-axis (HRSTEM image inset in (g)),
and (g) corresponding line profile of the thickness-projected In-content and the In-content corrected for
QD diameter variations, overlaid with emission wavelengths colour-coded according to the visible spectrum
legend in (b).
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noteworthy are the four peaks towards higher energy between A = 450 — 500 nm, which
could not be individually excited (nor changing relative intensities of single peaks) within
the whole region boxed in by ROI 3 in Figure 4.2(a). Wavelength-filtered CL images across
these four peaks exhibits, with increasing wavelength, a gradually more asymmetric emission
pattern towards the n-GaN direction (opposite the growth direction). This suggests that
these multiple recombination centres of different energy levels are within close proximity to
each other within the carrier diffusion length, and only excited simultaneously during the
electron beam rastering. The different methods of extraction and representation of the CL
spectrum image all describe a decreasing gradient in emission wavelength in the QD active
region along the growth direction. Same as the example in Figure 4.1, the InGaN test well
emission is again the longest wavelength in the whole nanowire.

A notable structural feature observed during nanoCL includes the dark band along the
length of the wire in the BF image (Figure 4.2(c)). HRSTEM-HAADF imaging along the
closest zone-axis (m-plane) from the specimen tilt during the nanoCL experiment identifies
that same feature (inset in Figure 4.2(g)) as an inclined planar defect. Observing the planar
defect edge-on in the adjacent a-plane zone-axis (Figure 4.2(e)) confirms it is likely an
inversion-domain boundary. The presence of this defect appears to have some correlation to
the local In-content variation, but little to no effect on the CL emission. Along both m- and
a-plane orientations reveal only nine InGaN QDs of decreasing diameters along the growth
direction, each with a crescent-shape from having bent tails on semi-polar planes (seen edge-
on in Figure 4.2(e)). Visible again in the a-plane orientation HAADF image is the thin
Al-rich AlGaN shell (arrowed in yellow) that extends from the AlGaN EBL along both of
the nanowire sidewalls towards the n-GaN segment. The relevance of this few atomic-plane-
thick AlGaN shell to the overall emission from a surface passivation point of view will be
discussed in a later section (Section 4.3.3).

Quantitative STEM-EELS mapping of the In-distribution, as shown in Figure 4.2(f), was
carried out when viewing down m-plane instead to avoid overlap with the adjacent nanowire
whose contributions are visible at the top of the image in Figure 4.2(e). Because of the drastic
changes in QD diameters seen in the lateral direction, the thickness-projected In-content
map (Figure 4.2(f)) does not fully represent the composition within the QDs themselves.
Therefore according to the procedure already described in Section 2.2.3.2, a correction for
the GaN shell contributions, taking into account the proportion of centrally embedded QD
in the total through-thickness must be considered. The correction factors are ratios of the
QD diameter at the basal plane portion to the overall nanowire diameter measured from
the HAADF image intensity profiles while viewing down (1120). The correction is applied
to the integrated line profile of the red-bracketed region in Figure 4.2(f) and shown as the
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red datapoints alongside the uncorrected line profile in the plot of Figure 4.2(g). An overlay
of the colour-coded CL emission wavelengths to the approximate locations in the nanowire
is included in Figure 4.2(g). The overall decreasing trend of the measured In-composition
remains approximately the same after correction, and correlates to the emission wavelength
changes within the active region and at the InGaN test well measured from nanoCL.

In combination with the small scatter in the range of emission wavelengths observed
between different nanowires, the effects of broadening are only amplified during the PL
measurements illuminating an ensemble of nanowires. Nevertheless, it can be concluded that
the observed variation in emission characteristics is occurring at an individual nanowire level,
and not due solely to the macroscopic broad-beam nature of the PL. measurement technique
itself. Isolating distinct emission bands from the active region in single nanowires show
FWHM of 100 — 150 meV, however, averaging within individual nanowires still remain rather
broad. The present InGaN/GaN dot-in-a-wires exhibit a variation range in peak emission
energy of ~500 — 600 meV. Compared to the literature, previous works have reported a
FWHM of 200 meV for individual (15 nm thick) InGaN insertions in nanowires [111], and
up to 300 meV for nanowires with multiple InGaN insertions [1389]. In contrast, values for
the FWHM on the order of 100 — 150 meV are reported from PL on planar (In,Ga)N QW
structures emitting in the green spectral range [191, |. Interestingly, the even broader
emission peaks from the 15 — 20 nm thick InGaN test well is consistent with other thicker

InGaN insertions of similar composition in literature.

4.3.2 Dot Morphology and Luminescence Intensity Distribution

The thorough structural characterization of the multiple InGaN/GaN dot-in-a-wire nanos-
tructures in the previous chapters have outlined various effects on the formation of the InGaN
QDs, including the effect of strain mitigation on the composition, and the combined contri-
butions of strain state and growth front faceting on atomic-level alloy ordering and overall
QD morphology. In the following section, examples of nanowires with less than perfect QD
morphology that deviates from the expected flat disc geometry, and how it plays a role in the
luminescence properties, will be presented. Figure 4.3 displays a nanowire that demonstrates
two instances of asymmetry in the CL intensity distribution from the active region. Firstly,
the excitation pattern of the emission peak from the first few QDs (ROI 1 spectrum and
Figure 4.3(b)) is highly asymmetric and lobed towards the top free surface of the nanowire.
Secondly, the last few QQDs exhibit an emission pattern from the main peak (ROI 2 spectrum
Figure 4.3(c)) that is unevenly localized laterally within the plane of the QDs and concen-

trated towards the nanowire sidewalls. The CL intensity localization is further emphasized
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Figure 4.3: NanoCL spectral imaging: (a) ADF image with three ROIs marked that exhibit unique
emission spectra shown in (e), and (b — d) spatial maps of emission features within spectral range labeled.
Concurrently acquired BF image and CL map of a weak emission peak from ROI 3 is also shown inset in (e).
Intensity scaling of spectra in (e), when applicable, is indicated by a multiplier. Correlative HRSTEM: (f)
HRSTEM-HAADF image along (1120) zone-axis showing the active region in detail, including the thin Al-
rich AlGaN shell (dark band) that formed along both nanowire sidewalls (arrowed in yellow) and the few ML
thick ZB insertion (delimited by dashed red lines). (g) High-magnification view of the tail region of the first
two InGaN QDs boxed in (f) that demonstrate a high-degree of atomic-ordering. (h) Quantitative EELS
In-content map with corresponding intensity scale (z in In,Ga;_,N), and (i) Ga-signal map generated using
the concurrently collected Ga Lo 3-edge showing the reciprocal nature of the group III elemental distribution.

in the inset line profile of the emission pattern radially across this area. Two local maxima
with a peak-to-peak spacing of ~70 nm is evident in the profile, as well as an intensified lo-
cal maxima towards the nanowire top surface. A similar, only more delocalized distribution
is also observed when filtering across the low-energy shoulder (marked by purple brackets
across ROI 2 spectrum in Figure 4.3(e)) in Figure 4.3(d). Figure 4.3(e) summarizes the CL
emission spectra originating from various ROIs marked in the ADF image (Figure 4.3(a)).
Inset in Figure 4.3(e) includes the BF image and CL map of a weak band from the n-GaN
segment (marked as ROI 3) assigned to the states related to nanowire coalescence in the
local area.

Comparison with the HRSTEM-HAADF image of the same nanowire in Figure 4.3(f)
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shows that the first few QDs (#1 — 3) have prominent bent tail components, with QD#1
even made up entirely of semi-polar components. Along this (1120) zone-axis view, the
bent tail morphology of QD#1 — 3 is more heavily weighted towards the top free surface,
which can explain the asymmetric CL signal distribution. Figure 4.3(g) is a detailed view
of the tail region of QD#1 and 2 (boxed area in Figure 4.3(f)), and illustrates the same
1:1 c-plane bilayer atomic-ordering discussed in Chapter 3 of the InGaN alloy in this area.
The remaining InGaN QDs in the nanowire have the expected flat-disc shape. Additional
contrast changes in the HAADF image at the nanowire central region across QD#5 — 10 that
coincides with another lenticular-shaped extended defect along the nanowire length require
further investigation.

Subsequent STEM-EELS mapping was used to determine the elemental distribution
within the active region. The In-content map in Figure 4.3(h) illustrates that the image
contrast changes are due to the local area devoid of In and the QDs split into two later-
ally. However, when comparing with the complementary Ga-signal map generated using
the concurrently collected Ga Lg3-edge in Figure 4.3(i), the local area shows a reciprocal
distribution of In- and Ga-atoms. Therefore the enrichment of Ga concludes that the void
is not an empty cavity, but only deficient in indium. The thickness-projected In-content of
the In,Ga,_,N alloy varies between x =~ 0.05 across QD#7 — 10 at the nanowire centre to x
~ 0.20 at the split dots near the top surface. This subtle change in In-composition local at
QD#5 — 10 provides sufficient lateral confinement to induce the carrier localization observed
in the CL intensity pattern in Figure 4.3(c). The peak-to-peak spacing from the inset CL
intensity profile and the higher intensity maxima corresponds well to the relative spacing
between the split dots and the larger width of the split dot near the top surface, respectively.
Also worth mentioning is the position along the active region where CL emission is very low,
such as the gap between the marked areas of ROI 1 and 2 visible in the emission pattern in
Figure 4.3(c). This location approximates to QD#6, within which a 6 ML thick zinc-blende
(ZB) insertion intersects (delimited by dashed red lines in Figure 4.3(f)). Coinciding with
the start of the ZB insertion, the overall nanowire diameter increased and Al-rich AlGaN
shell switched to a semi-polar plane within the insertion (its l-index deviates from [ = 0 in
{1101}). Such stacking fault-related ZB insertions have formed as a result of errors in the
stacking sequence, and confirms a previous finding of their role in CL quenching at InGaN

nanodisks containing stacking faults in GaN nanowires [183].
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4.3.3 Surface Passivation and Excitation Probability

Due to the limited incorporation of In onto the m-plane sidewalls, which can be explained
by the strain-induced segregation of InGaN alloys and the higher In-adatom mobility, each
InGaN QD is covered by a GaN shell towards the nanowire surface. Such a self-organized
core/shell-like InGaN/GaN structure is beneficial because they provide an intrinsic higher
bandgap material at the nanowire sidewalls for passivation against non-radiative surface
recombination. Other post-growth surface treatment methods with aquaeous solutions of
inorganic sulphides are also popular amongst III-V semiconductors in general against the
effects of surfaces states on carrier recombination [193]. Surface states can vary the radiative
and non-radiative recombination rates directly, or they can contribute to the degradation
of PL intensity under UV illumination over time in air [194]. The luminescence intensity
within nanowires is related to the presence of such GaN or AlGaN shell surrounding the
InGaN/GaN nanowire heterostructures, formed due to sidewall incorporation during the
growth of each of the subsequent GaN barriers and p-GaN segment, and p-AlGaN EBL,
respectively. Both can enhance the in-plane confinement of carriers, hence reducing non-

radiative surface recombination.
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Figure 4.4: (a) BF and (d) ADF images acquired simultaneously during STEM-CL spectral imaging, with
ROIs marked in (a) that exhibit the main emission peaks shown in the CL maps in (b)—(c). (¢) HRSTEM-
HAADF image along (1120) zone-axis showing the active region in detail, including the thin Al-rich AlGaN
shell (dark band) that formed along only the bottom nanowire sidewall (arrowed in yellow at bottom edge)
and the pair of few ML thick ZB insertion (delimited by pairs of dashed red lines). (f) HRSTEM-HAADF
image taken at zero-tilt to mimick the view during nanoCL.
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Demonstrated in Figure 4.4 is a nanowire with an incomplete coverage of the QD active
region by the Al-rich AlGaN shell at the nanowire sidewall, and how it has contributed to
the spatial asymmetry of the CL signal. Typically this Al-rich shell is only a few atomic-
planes thick (up to ~1 nm) on m-plane, and therefore only visible when viewing along a
(1120) zone-axis. This also means that within the specimen tilt range in the microscope,
at any one time only two of six m-plane sidewall facets can be confirmed to contain an
Al-rich shell or not. The other four facets may or may not contain such an Al-rich shell
layer, but any Z-contrast from its contributions will be averaged out through the thickness
in projection. NanoCL of the nanowire in Figure 4.4 exhibits comparatively fewer number
of emission peaks, including only two from within the QD active region isolated in the
ROIs boxed in the BF image in Figure 4.4(a) (and their corresponding CL spectra later in
Figure 4.6(b)). The main emission band from ROI 2 is rather broad (FWHM ~230 meV)
and asymmetric towards higher energy, but more interestingly, the wavelength-filtered image
across this peak (Figure 4.4(b)) has a highly asymmetric distribution of the luminescence
intensity lobed towards the bottom free surface of the nanowire. The asymmetry can, as a
first approximation, be related to the underlying QD morphologies. This hypothesis is later
excluded based on the HRSTEM-HAADF imaging along the nearest a-plane zone-axis as
well as at zero-tilt to mimick the projection during the nanoCL experiment (Figures 4.4(e)
and 4.4(f)). The nine identifiable InGaN QDs in the HAADF image in Figure 4.4(e) have
strongly bent tail components towards both sidewalls, however, the morphology is not as
severely asymmetric towards the bottom free surface to explain the CL signal profile.

Alternatively, an Al-rich shell is visibly absent on the top edge of this nanowire, whereas
the shell coverage is continuous at the bottom edge (arrowed in yellow in Figure 4.4(e)).
This particular nanowire in Figure 4.4 appears to be partially coalesced with its neighbour-
ing nanowire since the n-GaN segment, visible in both orientation views (Figures 4.4(e)
and 4.4(f)). Al-adatoms have minimal diffusion at the growth temperatures used during the
growth of the AlGaN EBL, which is actually optimized for (In)GaN growth. Therefore the
sidewall incorporation of Al-adatoms relies on the directly impinging flux instead of sidewall
diffusion of adatoms from the c-plane growth front. As a result, geometrical shadowing by
neighbouring wires and coalescence will play a dominant role in the spontaneous formation
of the AlGaN shells, and can explain the incompleteness in shell coverage. The absence or
partial coverage of this high band-gap AlGaN layer can explain the asymmetric luminescence
distribution, because it disrupts the balance of non-radiative to radiative recombination to-
wards the unpassivated surface. As the probe position approaches the uncovered surface,
diffusion of carriers towards surface states which subsequently recombine non-radiatively

becomes more probable.
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4.3.3.1 Shell Coverage and Emission Rate

The nature of a nanoCL investigation on isolated nanostructures has some intrinsic bias
within its data sampling, where typically individual nanowires are first surveyed for its
overall emission intensity before carrying out more in-depth spectrum imaging measurements.
However, the study of nanowires with reduced emission rates is also of equal importance for
understanding the physical mechanisms that lead to CL quenching. Figure 4.5 displays
such a nanowire where the overall emission intensity was quite low despite being obtained
under very similar experimental conditions as other nanowires investigated. A comparison
between the ADF image (Figure 4.5(a)) and the later acquired HRSTEM-HAADF image
(Figure 4.5(b)) identifies the various layers within the active region. It should be pointed out
that part of the p-GaN segment in this nanowire is missing, and could have resulted from
fracture during sample preparation. Other nanowires measured that were missing portions
of their n- or p-GaN segments did not demonstrate adverse effects on the CL emission. The
energy-filtered CL maps in Figures 4.5(c) and 4.5(d) show emission intensity across the p-
InGaN test well and InGaN QDs corresponding to ROI 1 and 2, respectively. The intensity
scaling of the CL maps are individually adjusted to illustrate the full dynamic range in each

map. The CL map corresponding to the emission from the InGaN test well (Figure 4.5(c)),
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Figure 4.5: (a) ADF image acquired
during the STEM-CL spectral imaging,
and (b) HRSTEM-HAADF image along
(1100) zone-axis showing the active region
highlighting the minimal GaN shell cover-
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in particular, has very low signal-to-noise ratio. Inspecting the CL spectra from ROI 1 and
2 alone does not emphasize their low signal intensities. Therefore to provide grounds for
comparison, a weakly emitting band from Figure 4.1’s ROI 2 has been normalized according
to its electron-hole pair generation rate per unit volume and presented in Figure 4.5(e).
Furthermore, the CL spectra from ROI 1 and 2 have been treated with the same volumetric
carrier generation rate calibration of the summed areas of ROI 1 and 2, and also shown
alongside in Figure 4.5(e). The low emission intensity from two bands in the current nanowire
becomes seemingly evident with the calibrated spectra, which are a factor of five lower in
intensity.

No extraneous image contrast or visible defects, such as those associated with stacking
faults, are identified within the active region in the Figure 4.5(b) HAADF image that can
be associated to the CL quenching. The GaN shell that formed around the InGaN QDs
during the growth of the GaN barriers is otherwise particularly thin (~2 — 4 nm) within this
(1100) projection view. Analogous to the Al-rich AlGaN shell discussed previously, the GaN
encapsulation also lies on m-planes; thus only the GaN shell portion at the ridges connecting
two m-plane facets is visible when viewing along a (1100) zone-axis. Albeit unambiguous
confirmation of an Al-rich shell cannot be possible in this m-plane orientation view of the
nanowire, the GaN shell thickness is significantly thinner than other nanowires of similar
diameter (such as the nanowire in Figure 4.1). Given the minimal passivation layer on the
nanowire in Figure 4.5, the poor in-plane carrier confinement leads to enhanced non-radiative

recombination rates taking place at the nanowire surface.

4.3.4 Proximity-Related Non-Linearity Effects

Other influences on luminescence properties that can be inferred from apparent changes in
CL spectral characteristics with an excitation density dependence is also of interest and
investigated for the same nanowire from Figure 4.4 in the following. To maintain a quan-
titative visualization of emission centres and their spatial distribution along the nanowire
length concurrently, a two-dimensional spectral profile representation of the full spectrum
image can be used. While spatial information lateral across the nanowire diameter is lost in
this representation, any asymmetry in the luminescence distribution can already be assessed
in the wavelength-filted CL map of the main emission peak (Figure 4.4(b)). Figure 4.6(c)
shows such a 2D spectral profile plotting the emission energy /wavelength as a function of the
probe position along the nanowire growth axis within the spectrum image. Relatively weaker
intensity emission bands are straightforwardly revealed in the 2D spectral profile, including
the pair of bands at the p-GaN segment (2.41 eV, 2.51 eV), and two narrow bands barely
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Figure 4.6: (a) BF image with ROIs marked that exhibit relevant emission spectra shown in (b), including
ROI 1 and 2 from Figure 4.4 of the same nanowire. (c) CL spectral profile integrated across the nanowire
diameter as a function of the emission wavelength/energy and position along the nanowire axis in the
spectrum image, shown alongside a HRSTEM-HAADF image taken at zero-tilt to mimick the view during
nanoCL. A few minor spectral features appearing simultaneously in (b) and (c) have been marked using
black and white arrows, respectively.

visible in the ROI 1 spectrum in Figure 4.6(b) from the n-GaN and near the first InGaN
QDs at 3.04 eV and 2.65 eV, respectively. The weak bands at 2.41 eV, 2.51 eV, 2.65 eV are
in fact residual contributions from the neighbouring nanowire (deduced from CL maps not
shown). The emission line from n-GaN is presumably defect related, and a repeated occur-
rence in other nanowires studied. In detail, the narrow 3.04 eV peak from n-GaN arrowed
in Figures 4.6(b) and 4.6(c) is close to the transition energy interval of few monolayer-thick
ZB inclusions (whose boundaries are delimited by pairs of red-dashed lines in Figure 4.4(e)’s
zone-axis HAADF image) that form ZB/WZ heterostructures in GaN [195]. It should be
emphasized that these four aforementioned bands remain invariant in energy with position.

It can be assumed that the location of a peak CL intensity maximum coincides with the
physical location of that particular emission centre. The peak intensity maximum evident
at 2.09 eV, the same as the peak portrayed in the ROI 1 spectrum in Figure 4.6(b), its
recombination centre can be designated approximately to the last QDs within the active
region. More notable is the simultaneous peak energy redshifting and spectral narrowing
(from 230 meV to 185 meV) as the electron beam moves away from this intensity maximum
along both directions in position, where the emission intensity decreases up to one full order
of magnitude. The 50 — 60 meV redshift is evident from the energy shift in the maximum
intensity distribution with position in the spectral profile in Figure 4.6(c), and replicated in
the CL spectra from ROI 3 and ROI 4 on the right and left sides of the ROI 2 maximum
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in Figure 4.6(b). Or in other words, as the incident probe position approaches the physical
location of the recombination centre, the emission peak both broadens and blueshifts. This
behaviour is typical of band-filling effects, such as at localized states, and therefore suggestive
of carrier localization as a probable cause [196, ]. As the incident probe gets closer to the
recombination centre, the excess carrier density effectively increases due to diffusion until
eventual direct excitation. The proximity of the excitation volume to a recombination centre
achieves an equivalent scenario as increasing the excitation (current or power) density locally
[99], both of which affect the generation rate of electron-hole pairs. The increased charge
carrier density progressively fills the lowest lying band-tail states, leading to recombination
also at higher energies, resulting in the blueshift in emission energy.

Coulombic screening of the internal polarization field and hence reducing the quantum-
confined Stark effect (QCSE) is another possible root cause for the blueshift, but its combined
outcome is often not distinguishable from band-filling effects [1]. Furthermore, a reduction of
the internal fields generally leads to little variance in the emission linewidth [195], and even
decreased linewidths if the influence of thickness and compositional fluctuations is dimin-
ished [197]. Therefore in contradiction to the concurrent peak broadening and blueshifting
observed with excitation proximity, the QCSE cannot be the sole contributor to the ra-
diative recombination processes here. The appearance of a high-energy feature at 2.15 eV
arrowed in the ROI 3 spectrum of Figure 4.6(b) can also be contributing partly to the peak
broadening. Other possible factors that can contribute to peak broadening with increased
excitation density unique to nanowires include: inhomogeneous lateral strain distribution

and inhomogeneous screening of internal fields in the presence of surface depletion layers

[99].

4.3.4.1 Evidence of Quantum-Confined Stark Effect

The CL emission distribution of luminescence centres in more basic InGaN/GaN heterostruc-
tures can be used to better understand the complex optical behaviour in the dot-in-a-wire
structures, in particular the excitation density dependent effects. As expected in nanowires
with a single InGaN QD introduced in Figure 4.7, the presence of only one InGaN QD results
in fewer emission peaks. In most cases, only one main peak is identified, eliminating the
influence of spatial and spectral overlap for peak assignments. Within the energy-filtered CL
map in Figure 4.7(b), the maximum intensity is peaked across the QD but not clearly defined
to the outlines of the QD, as identified in the ADF image (Figure 4.7(a)). In addition, the
emission intensity exhibits a fair degree of spatial asymmetry between the two sides of the
QD, with the distribution elongated towards the n-GaN direction.

Unlike in the previous section describing the dot-in-a-wire samples with an AlGaN EBL,
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Figure 4.7: Single InGaN/GaN dot nanowire. (a) ADF image acquired simultaneously during STEM-CL
spectral imaging, (b) spatial map of main emission peak within spectral range labeled from ROI marked in
(a) and the spectra shown in (c). (d) HRSTEM-HAADF image along (1120) zone-axis showing the InGaN
QD, and a stacking fault is marked in the p-GaN by a red arrow. (e, f) High-magnification views in the
vicinity of the QD, including (e) a separate stacking fault within the p-GaN (arrowed in red with SF label),
and (f) the tail region of the area boxed in (d) that details the high-degree of atomic-ordering.

where the contributions of the Al-rich shell coverage had to be considered for radial asym-
metries, only the QD morphology would be relevant in this case. HRSTEM imaging was
used to evaluate the QD morphology, which instead shows that the crescent-shaped QDs are
bent towards the n-GaN segment in Figure 4.7(d). Such a hollow truncated pyramid shape
is typical of the first QD within the growth order for both single and multiple InGaN/GaN
QD nanowire structures. This asymmetric CL emission intensity behaviour, which can be
excluded as a result of the InGaN QD morphology, was confirmed in all single InGaN QD
nanowires examined using combined nanoCL and HRSTEM. Furthermore, the scan raster
direction during spectral imaging with respect to the growth direction also has no effect
on the intensity distribution asymmetry. Other structural characteristics of the single dot
nanowires are summarized in the following. As already described in the previous chapter
(Chapter 3) where the single InGaN dot nanowires were first introduced, a high degree of 1:1

bilayer atomic-ordering in the InGaN QDs is prevalent. The atomic-ordering is evidenced in
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Table 4.1: Lattice parameters and elastic constants [30], and spontaneous and piezoelectric constants [60]
for wurtzite binaries of AIN, GaN and InN.

Parameters AIN GaN InN
a (A) 3.112 3.189 3.545
¢ (A) 4.982 5.185 5.703
C13 (GPa) 108 106 92
C33 (GPa) 373 398 224
Py, (C/m?) —0.081  —0.029  —0.032
e31 (C/m?) —0.60  —0.49 —0.57
e3s (C/m?) 1.46 0.73 0.97

the HAADF images of the QD tail region in Figures 4.7(e) and 4.7(f). In addition, minimal
defects are identified within the active region in individual nanowires, with the exception for
stacking faults typically in the p-GaN segment (Figures 4.7(d) and 4.7(e)).

A proximity dependence of the CL peak emission energy can also be noted in the nanowire
in Figure 4.7. The peak intensity maximum at the InGaN QD, as denoted by the ROI 1
spectrum in Figure 4.7(c), is centred at 2.39 eV. Energy shifts are apparent in the spectra
taken from the two sides of the QD, also summarized in the spectra in Figure 4.7(c). Both
the left (green spectrum) and right (blue spectrum) sides of the QD demonstrate a ~30 meV
redshift relative to the main peak noted in the inset normalized spectra. A small additional
peak at 2.75 eV is assigned to the stacking faults identified in the p-GaN segment (CL map
not shown), whose locations are marked by the red arrows in Figure 4.7(a). The spectral
linewidth remains mostly invariant on the two sides of the QD relative to the linewidth at the
InGaN QD (FWHM of 150 meV), with a FWHM of 147 meV from the n-GaN side and 143
meV from the p-GaN side. This contrasts the previous example discussed in Section 4.3.4,
where the emission peak concurrently broadens and blueshifts as the incident probe posi-
tion approaches the emission centre. Therefore within the limited magnitude in emission
intensity variation, QCSE alone can be ascribed to govern the luminescence behaviour in
these InGaN QDs (without indications of simultaneous band-filling effects). The cathodo-
generated carrier density increases with proximity of probe position to the QD, which screens
the internal polarization field and reduces the QCSE, and subsequently causes the emission
energy blueshift. A suppression of QCSE in III-N nanowire structures relative to their pla-
nar counterparts have been demonstrated by several studies, including in GaN/AIN QDs in
nanowires [64, | and InGaN QWs in GaN nanowires [J, 17]. Nonetheless, QCSE is not
diminished to negligible levels, as favourable elastic strain relaxation in a nanowire geometry
only relieves the piezeoelectric component of polarization. Naturally, this advantage will

benefit more the larger lattice-mismatched InGaN/GaN structures, but the spontaneous po-
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larization component in GaN/AIN heterostructures remains dominant. A comparison of the
spontaneous polarization constants (Ps,) between binary III-Ns is listed in Table 4.1 to high-
light the dissimilar P, values for GaN and AIN. As already demonstrated in Section 2.6.1
on the InGaN/GaN dot-in-a-wire structures, an estimate of the piezoelectric polarization
(P,.) directly from lattice deformation measurements averages a 30% decrease compared to
equivalent planar QWs. Therefore, it still remains important to assess the relevance of QCSE

on carrier recombination processes in order to design high-efficiency device structures.

4.3.5 Spatial Resolution of Cathodoluminescence in STEM

Factors contributing to the spatial resolution of CL spectroscopy in S(T)EM have already
been detailed in Section 1.6.4.2. The interaction volume is generally a good indicator of
the generation volume of electron beam-induced charge carriers, which may diffuse away
before recombining elsewhere. An advantage of the higher acceleration voltage and thinner
specimens used in STEM-CL relative to SEM-CL is to minimize the lateral beam spread-
ing effect that degrades spatial resolution from the site of carrier generation. Therefore, the
material-dependent minority carrier diffusion length becomes the bottleneck limiting STEM-
CL spatial resolution. It should be emphasized that both carriers that recombine locally at
the incident electron beam position, as well as those that diffuse away from the point of ex-
citation, are attributed to the same beam position [189]. Therefore, the interpretation of CL
spectroscopy cannot be simply generalized. Other influences, such as the presence of defects,
surfaces, and external perturbations from temperature, electric field, and stress, all have to
be taken into consideration when analyzing CL spectra. In the case of heterostructures with
Type I (straddled) band alignment such as InGaN/(Al)GaN or GaN/Al(Ga)N heterostruc-
tures, carrier confinement can reduce the effective diffusion length [199]. At the limits of
the CL signal delocalization and further complicated by the spatially and spectrally overlap-
ping emissions, the attribution of specific spectral features to individual InGaN QDs can be
ambiguous within the 2D monochromatic CL images. Furthermore, the presence of electric
fields can contribute to additional carrier drift, such as from strong polarization-induced
fields [200, ], intrinsic built-in fields from p-n junctions [182, ], or even externally

applied bias [203].

4.3.5.1 Diffusion and Drift of Carriers within Nanowire Structure

Epitaxial growth of bottom-up self-catalyzed GaN nanowires on Si(111) have been known
to exhibit a wurtzite (WZ) structure, with a large majority of which have N-face polarity,

or grown along [0001] direction [16]. Given the large hole effective mass in GaN materials,
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the hole mobility in (In)GaN is orders of magnitude lower. As a consequence, the diffusion
length of holes in GaN is intrinsically small [201], and the effects of carrier diffusion and drift
is limited by the holes. Since CL emission is dominated by the recombination of the minority
carriers (holes in most regions), diffusion and drift of holes control the excitation efficiency
during indirect excitation of recombination centres. The observed spatial asymmetry in the
luminescence intensity distribution, which is affected by charge carrier diffusion and drift in
the presence of spontaneous and piezoelectric polarization fields in the InGaN/GaN NWHs,
will be addressed in this section.

The spatial asymmetry induced by an excitation probability difference of the same emis-
sion centre can be attributed to the influence on carrier drift due to internal and built-in
electric fields generated by polarization and the p-n junction potential, respectively. An
analogous asymmetry in CL emission distribution was first proposed to be induced by the
effects of carrier drift in the presence of internal electric fields in the case of unintentionally-
doped (n-type) single GaN quantum disk in AIN nanowires [201]. A comparison between
the two types of polar double heterostructures—the current InGaN/GaN, and GaN/AIN in
literature, will be outlined in the following.

Given the growth along a polar c-axis with the non-centrosymmetric wurtzite structured
ITI-N, a crucial property is the crystal polarity. It can be safely assumed that under the N-
rich growth conditions used results in ITI-N nanowires with N-polarity such that the growth
direction aligns to [0001]. A direct comparison of the resulting CL emission is illustrated
schematically in Figure 4.8. At first glance, the asymmetry with respect to the growth
direction is reversed between the InGaN/GaN and GaN/AIN cases, lobed towards [0001] and
[0001] in Figures 4.8(a) and 4.8(b), respectively. Recall that the directionality of hole drift
actually lies anti-parallel to the excitation probability asymmetry. It is solely the underlying
dominant type of polarization that differentiates the two cases. Both heterostructure types
have components of spontaneous polarization (P;,), whose vector always points from the
nitrogen-atom to the group Il-atom along [0001]. Assuming in both cases that the thin QD
is grown pseudomorphically on the underlying binary ITI-N nanowire, the in-plane strain state
of the QD is compressive in both scenarios. The resulting piezoelectric polarization (P,,) is a
positive value and hence points along [0001], and anti-parallel to the spontaneous polarization
vector. The polarization-induced sheet charge (o), and resulting electrostatic field vectors
(Fpor) are shown accordingly in Figure 4.8. A list of the relevant parameters for spontaneous
and piezoelectric polarization are summarized in Table 4.1. The similar F;, values for GaN
and InN and large InN /GaN lattice mismatch makes the piezoelectric polarization component
dominant, leading to a polarization field that points along [0001]. On the other hand, the two

anti-parallel polarization vectors within the GaN QD are close to cancelling out completely
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Figure 4.8: Schematic representation comparing (a) n-GaN/i-InGaN/p-GaN and (b) unintentionally-
doped AIN/GaN/AIN double heterostructures and the experimentally observed asymmetric CL intensity
distribution marked by the shaded area in red and blue, respectively. The spontaneous polarization and
piezoelectric polarization directions are deduced according to the compressive strain state and N-face polarity,
and gives the resulting polarization field (F),y). The polarization-induced interfacial sheet charge (o) as a
result of the dominant polarization type (denoted by the longer F,, arrow) is also indicated. The length of
the polarization arrows represent the relative magnitudes in the different materials. A qualitative model of
the energy band diagram at the hetero-junction is also shown to illustrate the field-induced band tilting and
the carrier drift for each case. Note the additional built-in electric field (Ey;) from the p-n junction in (a),
where the band diagram (and carrier drift) in grey only considers only Py, and P,, (similar to in (b)), the
band diagram in red also includes contributions from the built-in field.

at the —2.41% compressive in-plane strain. The P, value differences for GaN and AIN is
sufficiently large, and governs the sheet charge at the GaN/AIN interfaces.

A qualitative representation of the band diagram including the effects of band tilting
caused by polarization fields and the resulting carrier drift motion at the two types of het-
erostructures is also included in Figure 4.8. It is evident that, in spite of the identical internal
polarization field vectors (and resulting interfacial sheet charge) between the InGaN/GaN
and GaN/AIN scenarios, the observed CL intensity asymmetry is completely opposite. The
only other underlying difference is the presence of the built-in electric field (Ej;) from the p-n
junction potential in the current InGaN/GaN system. Another CL study on very similar sin-
gle InGaN quantum disk in GaN p-n nanorods, but formed by top-down etching of Ga-polar
epilayers, reveals two corroborating pieces of evidence [132]. Firstly, the GaN near-band
edge emission is detected exclusively from the n-GaN segment. Second, the CL emission
distribution from the InGaN QD is severely asymmetric towards the n-GaN segment facing

[0001]. The switch to Ga-face polarity reverses directions of all polarization fields (Fpu).
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However, the hole drift direction remains the same in the direction of the build-in electric
field (E};), which is now parallel to the (spontaneous) polarization field outside of the InGaN
disk. Therefore, it can be concluded that the CL emission asymmetry in the current N-polar
InGaN/GaN single dot nanowires (Figure 4.7(b) and schematically in Figure 4.8(a)) is not

driven by polarization fields, but instead dominated by the prevailing built-in junction field.

4.4 Incorporating Al within the Barrier Layers

The integration of an AlGaN EBL in InGaN/GaN NWH has demonstrated mitigation against
effects of electron overflow [35], and additional surface passivation benefits from the Al-rich
AlGaN shell spontaneously formed at the nanowire sidewalls discussed in the previous Sec-
tion 4.3. The carrier dynamics in nanowire devices is adversely dominated by non-radiative
surface recombination, resulting in short carrier lifetimes of ~0.4 ns or less [1 76, 205]. There-
fore, the utilization of the larger bandgap AlGaN as barrier layers, which then function as
distributed EBLs and simultaneous surface passivation, was also explored. In such quantum
well/dot structures, the band offset governs the degree of carrier confinement [206], as such,
the use of AlGaN barriers is also expected to enhance the carrier confinement. The AlGaN
barriers are additionally modulation-doped p-type to enhance hole transport during electri-
cal injection. The InGaN/AlGaN NWHs exhibit a nested core-shell structure made up of
an Al-rich AlGaN shell surrounding the InGaN QDs along both axial and radial directions.
The nested shell nature results from significant radial incorporation during the growth of
AlGaN barriers, leading to a gradual increase in nanowire diameter along the growth direc-
tion. In most cases, the nanowire diameter increase is coupled with a progressive increase
in QD diameter. Evidence of Al-segregation within the AlGaN barriers is attributed to the
reduced growth temperatures for the heterostructure optimized for In-incorporation, as well
as the modulation doping with Mg that alters the incorporation rate of Al-adatoms. STEM-
CL spectral imaging shows a progressive redshifting of the peak emission energy along the
growth direction. The spatial localization of individual spectral features suggests superior
three-dimensional carrier confinement, which can be assigned to specific QDs as resolved
with sufficient clarity in the BF image acquired without aberration-correction.
HRSTEM-HAADF imaging of an exemplary InGaN/AlGaN NWH is shown in Figure 4.9
along (1120) a-plane orientation, presenting clearly from the atomic-number contrast the
ten InGaN/AlGaN QDs in the GaN nanowire. A view of the active region in Figure 4.9(a)
shows that the ten InGaN dots (in bright contrast) are centrally-confined and capped by the
AlGaN barriers (in dark contrast), each of which form an Al-rich core-shell at the nanowire

sidewall. The overall high crystalline quality of the dot-in-a-wire core-shell heterostructures
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Figure 4.9: InGaN/AlGaN dot-in-a-wire core-shell heterostructures. (a) STEM-HAADF images showing
the InGaN dots, AlGaN barriers, and the Al-rich core-shell by atomic-number contrast. The acquisition
area of the EELS spectrum image is boxed in green in (a). (b) Elemental mapping from EELS spectrum
imaging of the green area marked in (b) of the group III elements extracted from the In My 5, Ga Ls 3, and
Al L, 3-edges. (c) Higher-magnification, atomically-resolved HAADF image of the selected region (boxed in
red dashed line) in (a) showing the AlGaN core-shell and barriers in detail. Arrowed in yellow in (a) are
E-type basal plane stacking faults. Noted in (c), the same stacking faults are marked by yellow triangles, red
triangles mark the Al-rich c-planes, and between each pair of triangles is the step-wise increase in nanowire
diameter.

is demonstrated in the atomic-resolution images of Figures 4.9(a) and 4.9(c). It should be
remarked that the uniformity in QD morphology and size is greatly improved with the use of
AlGaN barriers. The QD approaches the flat disc-like shape with smooth sides and minimal
bent semi-polar tails. With the exception of QD#1 that continues to exhibit a hollow
truncated pyramid shape grown on the n-GaN segment. Elemental analysis was performed
using STEM-EELS on the nanowire in Figure 4.9. Elemental maps from spectrum imaging
in Figure 4.9(b) illustrate the distribution variation of the three group III elements in the

different regions. The In-map, representing the thickness-projected In-content extracted
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from the In M, 5-edge, shows a strong localization in only the QDs. The Ga-map shows
a signal maximum towards the centre of the nanowire because of the increased projected
thickness for the a-plane viewing orientation, as well as an overall deficiency in the active

region and at the sidewalls in the presence of In or Al alloying elements.

4.4.1 Al Segregation within Barrier Layers

Most notable is the Al distribution in the AlGaN barrier layers and the Al-rich core-shell in
the Al-map extracted with the Al L s-edge (Figure 4.9(b) bottom). The Al-rich core-shell is
continuous from each of the AlGaN barriers, and present throughout the whole active region
as it propagates well into the n-GaN segment (also visible in Figure 4.9(a)). A higher-
magnification HAADF image of the core-shell (Figure 4.9(c)) highlights the continuity of
the core-shell from the AlGaN barriers, suggesting their formation during the growth of the
AlGaN barriers from the facile sidewall incorporation due to minimal lateral diffusion of Al-
adatoms. Examining the InGaN/AlGaN heterostructure in detail reveals numerous I;-type
basal plane stacking faults (ABABABCBCBC) that extend the full nanowire diameter: five
at InGaN QDs (#4, 5, 6, 8, 9) and four at AlGaN barriers (#2, 3, 5, 7), marked by yellow
arrows in Figure 4.9(a). Each of these stacking faults coincide with two events within the
two preceeding atomic planes: i) a single atomic (m-)plane step-wise increase in nanowire
diameter (between red and yellow triangle pairs); ii) a single Al-enriched c-plane at the
nanowire near-surface region, deduced based on the locally darker HAADF image contrast
intersecting with the Al-rich AlGaN shell visible in Figure 4.9(c) marked by red triangles.
The intersection of the Al-rich shell and the stacking fault-adjacent Al-rich c-plane is a
feature easily recognizable at low-magnification, and was later used to locate stacking faults
in a straightforward manner.

Other areas with significant Al-segregation within the AlGaN barriers include the regions
covering the curved outer edges of the InGaN QDs and at the top c-plane surface of each
AlGaN barrier before the next QD. The former can be related to the additional Mg-dopant
introduced to achieve modulation doping in the AlGaN barriers. The latter is most prominent
at the last AlGaN barrier (#10), where the transition to p-GaN is abrupt (cf. Figures 4.9(c)
and 4.10(a)). The significant Al-enrichment prior to the growth of the next QD can be
described by the surface segregation of Al-adatoms at the low growth temperatures of the
active region optimized for In-incorporation. The axial Al-segregation within the AlGaN
barrier layers is further emphasized in the Al-map performed within the heterostructure (on
a separate nanowire) at a higher spatial sampling in Figure 4.10(b). Multiple I;-type stacking

faults are also identified in the nanowire in Figure 4.10(a) marked by yellow triangles. The
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integrated line profile (Figure 4.10(c)) highlights a step-wise then sudden onset increase of
the Al-signal projected through thickness. It is important to note that the nested nature of
the AlGaN barrier layers presents some inherent difficulty to decouple compositional change
with 3D shape change within the Al-rich shells. However, the existence of a highly Al-rich
c-plane layer terminating the top of each AlGaN barrier layer can be deduced with certainty,
as confirmed in other adjacent zone-axes about c-axis.

The observed Al-rich shells can serve as chronological growth markers to evaluate the
axial and lateral growth rates within the active region, and further investigate the kinetics of
nanowire formation. Similar use of AIN or Si-doping as growth markers have been demon-
strated in both GaN nanowires [207, 208] and coalescence in patterned structures [209, 210].
The Al-rich markers illustrate concentric radial growth during the deposition of each AlGaN
barrier layer (Figures 4.9(a) and 4.10(a)), which gradually increases the overall nanowire di-
ameter. The general trend in a majority of InGaN/AlGaN NWH shows the gradual increase
in nanowire diameter is also concomitant with a progressive increase in the QD diameter
along the growth direction. The limited Al-adatom mobility smoothing the growth front can
factor into the improved QD uniformity, as In-incorporation remains largely on the c-plane

surfaces of the growth front instead of also on the semi-polar edge facets.
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4.4.2 Enhanced Carrier Confinement with AlGalN Barriers

The incorporation of higher bandgap AlGaN as barrier layers has tremendous effects on
the nanoscale optical properties within individual nanowires. The InGaN/AlGaN nanowires
show similar range of polychromaticity in its emission energy as the InGaN/GaN dot-in-
a-wires in Section 4.3, but isolated emission bands spanning the same wavelength range
have broader linewidths. The spatial localization of individual spectral features suggests
superior three-dimensional carrier confinement with the AlGaN barrier layers. A generic
trend in the evolution of emission energy along the growth direction, as well as regions of
local CL quenching, can be identified and correlated to specific structural features. Also
worth noting is the drastically improved resolution of individual InGaN QDs in the nanoCL
BF image (Figure 4.11(a)) because of the larger Z-difference between InGaN and AlGaN.
Isolated emission spectra from the active region shows a successive redshifting of the peak
emission energy along the growth direction (ROI 1 — 3 in Figure 4.11(f)). There are over-
lapping of peaks, but through peak-fitting demonstrate individual emission peaks have a
broad linewidth, up to 200 meV at FWHM. More noticeable is the effect of improved ax-
ial carrier confinement in the energy-filtered CL. maps across the three emission peaks, as
summarized in Figure 4.11(b)—(d). The CL maps have been filtered on the high-energy side
of each emission peak to minimize the negative impact of directional diffusion from high-
to low-bandgap areas (or even similarly from band-filling effects) on spatial resolution and
contrast [130, 189]. The individual features are localized to a spatial width of ~15 nm, which
approximates to the thickness of a barrier-dot-barrier section and can be assigned to specific
InGaN QDs. Because of the overlapping nature of the peaks, the CL intensity is maximum
at the locations of the ROIs, but also recurrent across other QDs.

Subsequent HRSTEM-HAADF imaging on the same nanowire along a-plane orienta-
tion (Figure 4.11(g)) shows good correspondence to the approximate spacing between QDs
identified in the nanoCL BF image. Three basal plane stacking faults have been located
intersecting QD#1, 3, 4, identified with red triangles based on the intersection of the Al-rich
shells and Al-rich c¢-planes outlined previously. The 10 InGaN QDs within this NWH exhibit
a gradual increase in diameter along the growth direction, concurrent to a steady decrease
in the AlGaN shell thickness. The emission energy redshift along the growth direction is
consistent with changes in the deformation potential caused by these changes in the shell-
to-core volume ratio, as a result of the concentric nature of the Al-rich shells formed during
the AlGaN barrier layers. As the core radius increases at a constant shell thickness, the
out-of-plane component of the strain-induced deformation potential is decreased, leading to
a smaller blueshift. Simultaneous core radius increase with shell thickness decrease, such as

observed in this Figure 4.11 nanowire, further enhances this out-of-plane strain effect on the
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Figure 4.11: (a) BF and (e) ADF images acquired concurrently, and wavelength-integrated CL maps (b
— d) of spectral features marked in CL spectra (f) from ROIs shown in (e). (g) HRSTEM-HAADF image
showing the Al-segregation within the AlGaN barriers and stacking faults marked by red triangles, (h) CL
spectral profile integrated across nanowire diameter (bottom), and HRSTEM-HAADF image taken at zero-
tilt to mimick the projection during nanoCL (top). Dashed lines in (b — d) and (h) mark the locations of
AlGaN barriers in the active region as guides to the QD separation.

transition energy. It should be noted that the shell-to-core ratio effect on the deformation
potential is a first approximation for the general trend, and does not yet take into account
the in-plane strain component at the InGaN/AlGaN heterostructure, nor any changes in
In-composition between InGaN QDs also taking place.

Minimal radial asymmetry in the CL distribution (¢f. Figure 4.11(b)—(d)) encourages
the use of a 2D spectral profile representation of the full spectrum image for better visual-
ization of simultaneous spatial and spectral variations within the active region. Presented in
Figure 4.11(h) is the 2D spectral profile plotting emission energy/wavelength as a function
of the probe position along the nanowire growth axis within the spectrum image. Weaker
intensity emission bands, including the GaN near band-edge (NBE) at 3.5 eV and related

phonon replicas from the n-GaN segment (arrowed in white), and an extraneous band at
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3 eV from the nanowire overlapping the p-GaN segment, can also be identified in the 2D
spectral profile. The GaN NBE is typically not detectable from either p- nor n-GaN in the
InGaN/GaN dot-in-a-wire structures with (and without) AlGaN EBL. The spontaneously-
formed Al-rich shell is generally only a single layer of ~1 nm thick, in comparison to multiple
Al-rich layers making up the ~5 nm thick shell for the InGaN/AlGaN heterostructures. The
sufficient surface passivation from the distributed AlGaN EBL overcomes the non-radiative
surface recombination at the n-GaN segment as well as the efficient carrier capture into
the active region that normally led to the lack of n-GaN emission. The emission energy
redshift along the growth direction is strikingly evident within the the 2D spectral profile.
The BF image (Figure 4.11(a)) was used to identify the boundaries of the AlGaN barrier
layers drawn as dashed-line markings for the spatial-spectral correlation. Local intensity
maxima are isolated to single QDs (#2, 5) or can be isolated to specific QDs (#7, 9) in the
overlapped intensity distribution. Also evident is where the emission is quenched within the
active region at QD#1, 3, 4 (marked by X’s in Figure 4.11(h)), which coincides with where
stackings faults are located. As already demonstrated in the InGaN/GaN dot-in-a-wire ex-
ample in Section 4.3.2, basal plane stacking faults and related stacking error-induced ZB

insertions are the designated culprit to local CL quenching within the active region.

4.5 Conclusion

In summary, the polychromaticity in emission wavelength from InGaN/(Al)GaN NWH is de-
duced using nanometer-scale CL spectral imaging to also be occurring at the single nanowire
level. The inhomogeneous broadening can be attributed to the compositional variation be-
tween InGaN QDs. Isolating individual emission bands from multiple and single dot-in-a-wire
structures illustrates that the non-uniform lateral strain distribution in nanowires contributes
to the intrinsically broad linewidth. Various structural features, including the InGaN QD
morphology, the GaN and Al-rich AlGaN surface passivating shell and presence of stack-
ing fault defects, govern the CL intensity distribution by way of affecting the excitation
probability of recombination centres. Excitation density-dependent behaviours can also be
pinpointed to alter the local spectral characteristics, namely contributions from band-filling
and QCSE. Lastly, the underlying electrostatic fields (polarization and built-in potential)

are confirmed to have adverse effects on the carrier drift in such polar nanostructures.
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Chapter 5

Carrier Localization at Atomic-Scale

AlGaN Compositional Fluctuations

5.1 Introduction

Considerable interest has been generated to develop highly efficient deep ultraviolet (DUV)
emitters using AlGaN-based alloys with direct bandgaps between 3.4 — 6.1 eV for a broad
range of applications. AlGaN light-emitting diodes (LEDs) have thus far made good progress
in the UV-A and UV-B bands (315 — 400 nm, and 280 — 315 nm, respectively), achieving
relatively high internal quantum efficiencies (IQE) of ~50% [211]. However, device perfor-
mance experiences significant degradation towards the UV-C band (100 — 280 nm), with the
IQE dropping drastically to < 1073% approaching the AIN near band-edge at A\ = 210 nm
(212, 213]. Conventional AlGaN quantum well lasers made up of epitaxial AlGaN layers sim-
ilarly demonstrate degraded performance with decreasing emission wavelength. To date, the
shortest wavelength reported for electrically-injected AlGaN (multiple) quantum well laser
diodes at room-temperature are in the UV-A at 336 nm with threshold current densities that
remain high in the order of few tens kA /cm? [214]. Alternatively, lasing of AlGaN quantum
well lasers in the UV-B and UV-C bands at room-temperature can be achieved through
optical pumping [215], but require threshold power densities up to 100 kW /cm? [216, 217].

Conventional planar AlGaN DUV devices, in particular electrically-injected solid-state
lasers and LEDs, experience limited efficiencies due to the high dislocation density (up to
10 /em? [50]) from the lattice mismatch, and inefficient p-type impurity doping using Mg
in Al-rich AlGaN with increasing Al-content. The ionization energy of Mg acceptors in
AIN is reported upwards of 500 — 600 meV [212, |, as compared to 170 meV in GaN
[219], significantly limiting the free charge carrier density with only 1% of Mg-atoms getting
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thermally-activated at room-temperature. In addition, the achievement of p-type conduc-
tivity is further impeded due to strong compensation by the presence of intrinsic defects,
such as nitrogen vacancies (Vy), or other common unintentional shallow donors. Further
regarding native defects, group I1I vacancy-related complexes (Vi—X) in Al,Ga;_,N alloys
are prone to form acceptor-type defects that act as non-radiative recombination centres, in
which the occurrence of V) increases with z due to its smaller formation energy than Vg,
90].

From a light-extraction efficiency standpoint in conventional top (or bottom) emitting
c-plane devices, the unusual switching of emitted light with transverse electric (TE, E Lc) po-
larization to transverse magnetic (TM, E||¢) polarization with increasing Al-concentration
in AlGaN alloys is also problematic towards wavelengths below 300 nm [220]. This phe-
nomenon originates from valence band structure differences between the binary constituents
of GaN and AIN, where a reversal in sequence between the heavy hole/light hole (HH/LH)
and crystal-field split-off hole (CH) bands unique in AIN leads to a cross-over in these two
bands in AlGaN alloys above a critical Al-composition [220]. Additional factors such as the
strain state of the active region also have an effect on the relative splitting/order between
the HH/LH and CH bands, and can be engineered to control the emission polarization, as
demonstrated previously by Northrup et al. [221] in AlGaN/GaN quantum well systems.
The polarization of the light emission from an AlGaN active region within a device depends
on the character of the lowest-energy hole state at the valence band maximum. If the lowest-
energy transition involves a HH or LH, TE polarization is dominant like in binary GaN; if
the lowest-energy transition involves a CH, the polarization of the emitted light is strongly
TM, as in AIN. Consequently, the light propagating along c-axis to be extracted from the
top-surface must have TE polarization [221], or limiting conventional c¢-plane planar Al-rich
AlGaN light-emitters to only be side-surface extracted to accommodate the intrinsic TM
polarization [222].

Nanowire (NW) structures can be a promising alternative to enhance strain relaxation
and p-doping, both mediated by the additional free surfaces. Firstly, the surface segregation
of dopants [223, | could enhance the incorporation of Mg-dopants during I1I-N nanowire
growth. Secondly, the nitrogen-rich growth environment that promotes nanowire growth
also simultaneously suppresses the formation of compensating nitrogen vacancies [218, ].
The strong light scattering and coupling in nanowire structures have also demonstrated that
light extraction can be improved for AIN as the TM polarized emission can be extracted
directly from the top c-plane surfaces of AIN nanowire arrays [226]. Furthermore, the self-
organized, randomly-distributed nanowires provide strong photon confinement by way of

recurrent multiple scattering in the random nanowire array cavity, 7.e. Anderson localization
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[227, |, for electrically-injected AlGaN nanowire lasers that can operate at A = 289 nm
at room-temperature with low threshold current densities [229].

Such high Al-content AlGaN nanowires, developed as emitters in the DUV, have reported
exceptionally high IQE up to 80% as determined using temperature-dependent photolumi-
nescence (PL) spectroscopy [229, 230]. The reduced temperature quenching of PL intensity
suggests strong spatial and energy localization of charge carriers at potential fluctuations
that leads to minimal losses through non-radiative recombination [231]. Other temperature-
dependent optical signatures of carrier localization include: sharp emission lines at low-
temperatures due to localized exciton emission, coupled with linewidth broadening at high-
temperatures, and a S-shape variation in emission energy characteristic of delocalization-
localization behaviour [231-233]. Further structural characterization revealed nanoscale alloy
inhomogeneities within the AlIGaN nanowires that demonstrate some dependence on growth
temperature, and believed to be driven by growth kinetics. The compositional variations
lead to local potential minima in the energy band, and recognized as the origin of the carrier
confinement in these AlGaN alloys producing very high spectral density of lines with few meV
linewidths at low-temperature [231]. Comprehensive photon correlation experiments were
able to isolate individual emission lines in single nanowires to demonstrate anti-bunching
behaviour, confirming each line stems from a discrete level, i.e. a single localization centre.
Together with a lack of evidence showing the thermalization of neutral donor-bound exci-
ton (DX) towards a free exciton (F'X) with increasing temperature, this is indicative of
quantum dot-like confinement behaviour as the main localization mechanism at the Ga-rich
AlGaN regions [234]. In a similar manner, atomic-scale compositional modulations have
even been reported recently in high Al-concentration AlGaN nanowires and suggested to act
as efficient localization centres to enhance radiative recombination [229, |. However, a
comprehensive understanding of emission characteristics in such spontaneously-formed com-
positional fluctuations in AlGaN nanowires, from directly correlating the localized optical
response to structural /chemical properties at relevant lengthscales is still lacking.

Following the previous chapters discussing alloy-related effects in InGaN-based nanowires,
this chapter instead focuses on AlGaN nanowires, specifically the similarities and differences
in alloy (in)homogeneity with varying Al-concentration and the resulting local optical prop-
erties. High and low Al-content Al,Ga; N p-i-n homojunctions were grown on Si-doped
GaN nanowire templates on Si(111) substrates by plasma-assisted molecular beam epitaxy.
Characterization on single nanowires using nanometer-scale cathodoluminescence (nanoCL)
spectral imaging at 150 K was performed, and subsequently correlated to their structural
information obtained with aberration-corrected scanning transmission electron microscopy

(STEM). In this context, the current chapter is organized to distinguish the two low and high
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Al-concentration AlGaN nanowires in separate sections, starting with the low Al-content Al-
GaN nanowires in Section 5.3. The low Al-content nanowires demonstrate structural and
chemical characteristics as expected from AlGaN homojunction nanowires with no inten-
tional changes in composition, as well as exhibit optical properties that infer minimal con-
finement potential within individual nanowires. In contrast, the high Al-content nanowires
presented in Section 5.4 display extensive alloy fluctuations throughout the AlGaN layers,
varying in size (down to the atomic-scale) and faceting nature between the differently doped
p-i-n segments. The corresponding nanoCL mapping shows an abundance of emission peaks
with spatially localized origins at locations with alloy fluctuations. Tendencies for specific
bandwidths from certains regions with specific compositional fluctuations can also be drawn

and discussed.

5.2 Methods

5.2.1 MBE Growth

Catalyst-free high and low Al-concentration Al,Ga; N p-i-n homojunctions were grown on
Si-doped GaN nanowire templates on Si(111) substrates by a Veeco Gen II radio frequency
plasma-assisted molecular beam epitaxy (MBE) system at McGill University under nitrogen-
rich conditions. The Si wafers were cleaned by standard solutions (HCI, HyO4, HF, typical in
RCA clean procedures) prior to loading into the system. The Si surface oxide was thermally
desorbed at 770 °C in situ. Before growth initiation, a thin Ga seeding layer was utilized
to promote the nanowire nucleation and formation. Schematically shown in Figure 5.1, the
nanowire structure consists of Si-doped GaN (~250 nm), p-i-n AlGaN homojunction (each
layer ~100 nm), and a thin (~10 nm) Mg-doped GaN contact layer. The growth conditions
include a nitrogen flow rate at 1.0 standard cubic centimeter per minute (sccm), a forward
plasma power of 350 W, Ga beam equivalent pressure (BEP) in the range of 5x1078 to
7x107® Torr, and Al BEP in the range of 8x107Y Torr to 4x 1078 Torr. The nominal Ga/Al
BEP ratios correspond to 11% and 88% Al-concentration in the low and high Al-content
AlGaN nanowires, respectively. The growth temperatures for GaN and AlGaN layers are
780 °C and 800 °C, respectively. The Si and Mg dopant concentrations for n- and p-AlGaN
regions were estimated to be 1x10*® cm ™2 and 1x10%° cm ™2 based on calibrations from Si
and Mg-doped epilayers grown under similar conditions, respectively. The Mg concentration
in AlGaN nanowires, however, may be lower, due to the Mg surface desorption at the growth

temperature of AlGaN nanowires.
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<+—GaN:Mg top layer (10 nm)
<+— p-AlGaN (100 nm)

«— i-AIGaN (100 nm)
Figure 5.1: Schematic illustration of

<+— n-AlGaN (100 nm) the AlGaN p-i-n nanowire structure for
both low and high Al-concentration Al-
GaN nanowire samples (Sample A and
B), consisting of 250 nm n-GaN nanowire
base, 100 nm each of n-AlGaN/i-
AlGaN/p-AlGaN making up the homo-
junction, and 10 nm p-GaN top contact
layer.

n-Si(111)

5.2.2 Scanning Transmission Electron Microscopy
5.2.2.1 Nano-Cathodoluminescence

Nanometer-resolution STEM-cathodoluminescence (nanoCL) spectral imaging on individual
nanowire structures was performed using a custom-built system on a VG HB-501 dedicated
STEM at the Université Paris-Sud XI. The in-house high collection efficiency CL spectrum
imaging detection set-up is described in detail by Zagonel et al. [122] and Tizei et al. [201].
The microscope is equipped with a high-brightness cold field-emission gun, operated at 60
kV with typical probe currents of 5 — 10 pA with ~1 nm probe size. Specimens were cooled
to ~150 K with liquid nitrogen to further minimize effects of beam damage and concurrently
increase radiative emission efficiency by surpressing phonon-assisted non-radiative recombi-
nation. Photons are collected by a parabolic mirror with a large solid-angle, coupled into a
fibre optic bundle and dispersive optical spectrometer (300 grooves per mm diffraction grat-
ing blazed to 300 nm) read-out in parallel onto an electron-multiplying charge-coupled device
(EMCCD). Such a set-up allows for high-speed acquisition while maintaining high-spectral
resolution and high signal-to-noise ratio in the full emission spectrum. Experimental param-
eters provide a spectral resolution of 0.17 nm in wavelength (A)), or specifically ~1.6 meV
at the GaN bandgap energy and ~2.9 meV at an energy of 4.59 eV relevant to the AlGaN
studied. Experiments were performed in spectrum imaging mode for concurrent acquisition
of spatial information from bright-field (BF) and annular dark-field (marked ADF in figures
for simplicity) signals, allowing for a point-to-point comparison between the full CL emission
spectrum collected at every pixel. In the absence of aberration-correction, typical spatial
resolution obtained is ~1 nm. Calibration of the dispersive grating and the parallel-detection
onto the CCD is carried out using pairs of emission lines from a Hg vapour lamp for the ultra-
violet wavelengths. The as-grown nanowires samples were mechanically exfoliated from the

Si substrate, dispersed in anhydrous ethanol, and deposited on carbon-coated TEM support
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grids for observation.

5.2.2.2 High-Resolution STEM

Subsequent structural characterization of the same homojunction nanowires was carried out
using aberration-corrected scanning transmission electron microscopy (STEM). The pos-
sible generation of point defects due to knock-on damage in GaN is undesirable for CL
signal collection, as they greatly quench the radiative recombination. The threshold for such
electron-beam damage in GaN has been reported as 120 keV [185], therefore the STEM-
CL experiments below threshold were performed first, then followed by the high-resolution
(HR)STEM to study the atomic structure and elemental distribution. The high-resolution
experiments were performed with a FEI Titan Cubed 80-300, fitted with a high-brightness
field-emission gun (X-FEG), aberration-correctors on both the probe- and image-forming
lens systems, a monochromator, and a high-resolution electron energy-loss spectrometer
(Gatan GIF Quantum 966). All experiments were carried out at an accelerating voltage of
200 kV with 19 mrad convergence angle. Atomic-number, Z-contrast sensitive high-angle
annular dark-field (HAADF) images were obtained using a detector angular range of 63.8 —
200 mrad. Elemental mapping by electron energy-loss spectroscopy (EELS) in STEM mode
was done with the Ga Ly 3, and Al K-edges at 1115 eV and 1560 eV, respectively, using the
spectrum imaging technique with a collection semi-angle of 28 mrad. Weighted-principal
components analysis (PCA) was applied for noise reduction of the spectrum images using
the multivariate statistical analysis (MSA) plugin implemented within DigitalMicrograph by
HREM Research Inc.

5.3 Low Al-Concentration AlGalN Nanowires

Low-Al content Al,Ga;_,N nanowires (Sample A), with a nominal Al-concentration of
z = 0.11, exhibit structural characterisitics and elemental distribution expected of AlGaN
homojunction nanowires in this range of composition reported in literature. Some common
features include an Al-rich AlGaN shell that can passivate the surface, and a high degree
of compositional homogeneity within the AlGaN core region, as observed from high-angle
annular dark-field (HAADF) Z-contrast imaging in Figure 5.2(a). It is also seen that the
nanowire has a slight inversely tapered geometry, 7.e. the nanowire is slowly increasing in
diameter along the c-axis growth direction. Shown in Figure 5.2(e) is a high-magnification
HAADF image taken from the marked region in Figure 5.2(a). The aforementioned Al-rich
AlGaN shell near the nanowire surface (dark band) can be observed, within which 1:1 ¢-plane

bilayer atomic-ordering of the AlGaN alloy is also demonstrated (analogous to the InGaN
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alloys discussed in Chapter 3). In addition, this Al-rich AlGaN shell is further surrounded
by a few atomic-plane thick Ga-rich AlGaN outermost shell (bright planes). Also notable
for the low Al-content Sample A, is the prominent presence of basal plane stacking faults in
the p-AlGaN region as indicated in detail by arrows within the insets of Figure 5.2(e). The
Al-rich AlGaN shell show discontinuities in the atomic-ordering (segments of brighter (0001)
layers) within the p-AlGaN region that appears to be correlated with the stacking faults.
Similar contrast variations at the Al-rich shell in Ni-catalysed Alg21Gag 79N nanowires have
also been previously reported [235], describing irregular interruptions in the Al-rich (0001)

layers intersecting with the radial growth component along the m-plane facets.

5.3.1 Alloy Homogeneity within Nanowire Core

Electron energy-loss spectroscopy (EELS) spectrum imaging was further performed to study
the elemental distribution. Shown in Figure 5.2(b), the RGB composite false-colour im-
age of Ga- and Al-signals suggests a low Al-concentration in the core region and a high
Al-concentration in the shell region. The presence of an Al-rich AlGaN shell surrounding
the nanowire structure is consistent with previous studies [232, , , ]. The forma-
tion of such core-shell nanowire structures can significantly suppress non-radiative surface
recombination and increase the carrier injection efficiency of nanowire LEDs and lasers. The
surface mobility differences between the Ga and Al cation species can induce compositional
inhomogeneity in AlGaN alloys [238], caused by the disparity in cohesive energies (Ga-N
bond energy 2.2 eV, AI-N bond energy 2.88 eV) [239]. The spontaneous enrichment of Al at
the nanowire sidewalls is one form of inhomogeneity specific to the additional free surfaces
in nanowires. The direct impingement of Al-adatoms, which with their lower diffusivity, do
not fully migrate back up to the c-plane growth front and instead incorporate locally at the
sidewalls forming the core-shell structure.

Line profiles of the Ga-map (Figure 5.2(c)) at various positions along the nanowire lat-
erally, as presented in Figure 5.2(d), suggest that a hexagonal cross-section with m-plane
facets is maintained all along the nanowire. The Ga-signal measured from EELS increases
monotonically with increasing concentration as well as projected thickness, therefore the
shape of the signal profile directly infers the cross-sectional thickness. It is evident that
along this a-plane viewing direction of (1120), the resulting projected Ga-signal intensity
profiles shown in Figure 5.2(d) suggest m-plane sidewall facets, matching similar HAADF
image intensity analysis by Arbiol et al. [240] in the GaN cores of their GaN/AIN nanowires.
This confirms that the low Al-content AlGaN nanowires (Sample A) maintain a hexagonal

cross-section of m-plane facets between the n-GaN base to the various n-, 7, and p-AlGaN
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layers grown subsequently, contrary to the high Al-content AlGaN nanowires (Sample B) to
be discussed later in Section 5.4.2.1. An illustration for the hexagonal cross-section relative

to the viewing direction is shown inset within Figure 5.2(d).

5.3.2 Elemental Confirmation of Al-Incorporation into Wire Core

Elemental quantification for the composition in the low Al-concentration AlGaN nanowires
was carried out on PCA-treated STEM-EELS spectrum images, as shown in Figure 5.3 of
the same representative nanowire from Figure 5.2. Using the relative quantification methods
(atomic ratio of two elements) shown in Equation (5.1) [111] to determine the true group III
composition in IIl-nitrides is valid due to the 1:1 stoichiometry in these compound semicon-
ductors. The scattering cross-sections of the Ga Ly 3 and Al K-edges collected simultaneously
in each spectrum image was calculated using the Hartree-Slater models available within Dig-
italMicrograph based on the scattering geometry parameters used. The resulting Ga- and
Al-fraction maps are generated, which represent the chemical composition averaged through
the AlGaN core and the Al-rich AlGaN shell within the projected thickness, are presented
in Figures 5.3(b) and 5.3(c). The sum of the intensity from the two maps in each pixel adds
up to unity (i.e. Na + Ngo = 1). A lateral line profile of the intensities for both species
integrated along the central region of the AlGaN segment is displayed in Figure 5.3(d). The
shell region is highly Al-rich, up to 85 — 95% in Al-concentration, while the core region has

~30 — 35% measured Al-concentration.
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Figure 5.3: (a) ADF image the same low-Al content AlGaN nanowire (Sample A) from Figure 5.2 collected
concurrently during the EELS spectrum image. EELS quantification of the relative Al/Ga-composition
on dataset with weighted-PCA applied for noise reduction, using the Ga L3 and Al K-edges collected
simultaneously: (b) relative Ga-fraction map, and (c) relative Al-fraction map, both scaled between 0 — 1.
A visible boundary with sudden changes in composition marks the n-GaN/n-AlGaN interface arrowed in
yellow. (d) Integrated line profiles of the relative composition from the Ga-fraction and Al-fraction maps
from the boxed regions in (b) and (c), respectively.
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Na  La(B,A)on(B,A)

Nea  lca(B,8)0ca(B,A) o
where
N : the areal density [atoms/nm?|
I : the integrated edge signal intensity (can include plural scattering)
o : the “partial” scattering cross-section [barns]
B : the collection semi-angle [mrad|
A : the integration energy window

A more accurate estimation of the Al-concentration within the AlGaN core (Z.oe) can
be separated by taking into account the fractional core and shell thicknesses (d.. and
tsheur, respectively) when considering a few simple assumptions [236]. Firstly, the hexagonal
cross-section of the nanowires are simplified to a circular geometry. Secondly, the core-shell
structure is assumed to be concentric in the through-thickness direction, and maintains the
same proportion of fractional core/shell thicknesses. Considering these assumptions that are
illustrated in the schematic in Figure 5.4, Equation (5.2) was derived accordingly to describe

the fractional core and shell contributions along the projected thickness at the centre.
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Figure 5.4: (a) Schematic model of the AlGaN nanowire simplified as a circular concentric core-shell
structure in cross-section relative to the hexagonal outline (dashed red line) in this viewing direction. Equa-
tion (5.2) is derived according to the assumed proportions of core-to-shell along the centre of the nanowire
through the projected thickness. (b) Comparison between the measured relative Ga- and Al-composition
(from Figure 5.3(d)) and a projected profile calculated according to the model using parameters: Tgpen =
89%, Teore = 20.1%, tsneny = 3.5 nm, and deore = 32.5 nm.

xCETL re X 2t8 €. dcore - 'T"S e >< 2t8 €
S ¢ (2t shen + ) hell hell (5.2)

dcore

Chapter 5. Carrier Localization at Atomic-Scale AlGaN Compositional Fluctuations 121



Ph.D. Thesis — Steffi Y. Woo McMaster University — Materials Engineering

The Al-content can be extracted from the Al-fraction map of Figure 5.3(c), defining
Tsherr ANA Zeentre as the measured Al-content at the shell and nanowire centre. For example,
the quantification analysis gives: Tgey = 89% and Teensre = 33% from Figure 5.3(b), and
local tgpey = 3.5 nm and depre = 32.5 nm from the concurrent ADF signal (Figure 5.3(a)).
Using Equation (5.2), the calculated Al-concentration at the AlGaN core, xope = 20.1%.
A projected profile of the expected relative Ga/Al-composition calculated according to the
cross-section model in Figure 5.4(a) is presented in Figure 5.4(b) (right panel) to illustrate the
good correspondence to the experimentally-measured profile (left panel). Same treatment
of the raw EELS data (not PCA-treated), with the exception of having a higher noise-
level between adjacent pixels, also arrives at similar averaged quantities of composition at
the AlGaN core. Despite the Al-signal in AlGaN core region appears low in an elemental
map (red signal in the RGB composite of Figure 5.2(b)), the Al-concentration estimated
from quantification following the projection-correction is substantial. Such that the AlGaN
region in Sample A is expected to emit at distinguishably shorter wavelengths than if the
core was pure GaN only, as also disproved later in Section 5.3.3.1 taking into account the

presence of strain.

5.3.3 Delocalized Cathodoluminescence Signals over Long-Range

The optical properties of the AlGaN nanowires were also investigated using nanoscale STEM-
CL spectrum imaging, followed by high-resolution STEM (HRSTEM) imaging to correlate
to the spatial distribution of luminescence bands to structural features. Two of the low
Al-concentration AlGaN nanowires from Sample A were examined and the results are sum-
marized in Figure 5.5. NW 1 and NW 2 are shown viewed along their respective {1120}
a-plane and {1100} m-plane orientations in the HRSTEM-HAADF images of Figures 5.5(a)
and 5.5(h). The n-GaN/n-AlGaN interface is not easily identifiable in all nanowires from
HAADF imaging (e.g. NW 2), inferring a relatively non-abrupt interface where the com-
position is graded or due to the small composition difference in the Ga-rich core region.
The presence of stacking faults in the p-AlGaN region are detailed in the high-magnification
images in Figures 5.5(f) and 5.5(g).

Individual nanowires in the low Al-content AlGaN Sample A typically show the presence
of up to three CL emission peaks highly delocalized along the nanowire length over distances
on the order of 0.2 um (Figure 5.5(c)-Figure 5.5(d), Figure 5.5(j)-Figure 5.5(k)). Two peaks
originate from the AlGaN region (sharp ~336 nm band-edge peak, broad and asymmetric
peak with ~360 nm maximum), and one from the n-GaN base (weak intensity at ~357.6

nm, but on an adjacent overlapping nanowire). The very small blueshift in the GaN near
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band-edge (NBE) emission energy of ~10 meV from the n-GaN base can be assigned to the
presence of strain induced by coverage of the Al-rich AlGaN shell with Al-content upwards
of 95 at.% (Figure 5.3). The discrimination of emission from a strained GaN core and a low
Al-concentration AlGaN core, both covered by an Al-rich AlGaN shell, will be detailed in a
later section (Section 5.3.3.1).

Some wire-to-wire variation in the AlGaN band-edge peak wavelength exists, as evidenced

in the comparison of CL spectra from regions of interest (ROIs) between NW 1 and NW 2
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Figure 5.5: HRSTEM-HAADF images of low Al-content AlGaN nanowires (Sample A), (a, f) NW 1
viewed along a-plane and (g, h) NW 2 viewed along m-plane orientations. The presence of some stacking
faults in the p-AlGaN region are marked by arrows in the detailed views of NW 1 and NW 2 in (f) and
(g), respectively. STEM-CL spectrum image of NW 1: (b) ADF image acquired concurrently with the
CL spectrum image, and (c, d) wavelength-integrated CL maps of spectral features centred about the
wavelengths labeled in (e) with energy integration window of each CL map also indicated. (e) Unique CL
spectra from (region of interest) ROIs in NW 1 marked colour-coded in (¢, d) and in NW 2 marked in (j,
k). Spectra of NW 1 (red, blue) have been shifted vertically for clarity. STEM-CL spectrum image of NW 2:
(i) ADF and (1) BF image, and (j, k) wavelength-integrated CL maps of spectral features centred about
the wavelengths labeled in (e).
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in Figure 5.5(e), showing a blueshift of 100 meV between NW 1 (ROI 1 in blue) and NW
2 (ROI 1 in green). Additionally, the full-width half-maximum of the AlGaN band-edge
peak shows an average of approximately 5 nm (~55 meV) at 150 K. The spread in the
peak maximum and bandwidth observed in single low Al-concentration AlGaN nanowires
using STEM-CL is consistent with temperature-variable PL spectroscopy carried out over
a macroscopic ensemble of self-organized AlGaN nanowires [229]. The room-temperature
PL spectrum of Sample A is shown in a later section alongside the high Al-concentration
Sample B for comparison (Figure 5.12(b)). Similar AlGaN nanowires of the same range of Al-
content have demonstrated room-temperature luminescence efficiency of ~50%, as derived
by comparing the integrated PL emission intensity at low-temperatures (10 K) and room-
temperature at constant excitation power, assuming that the internal quantum efficiency
(IQE) is unity at 10 K [241]. The estimated IQE is relatively high for AlGaN structures
(both planar and nanowire geometries) of similar compositional range, and attributed to the
Al-rich core-shell structure that can effectively suppress non-radiative recombination at the
nanowire surfaces [121, , , ]. The origin of such non-radiative recombination at
surface states includes Ga-dangling bonds and other impurities at the non-polar nanowire
sidewalls [213].

In all Sample A nanowires, CL emission intensity from the AlGaN region is peaked
across the base n- and i-doped segments, and negligible intensity observed from the p-
AlGaN regions. The p-AlGaN region is assumed to be where the nanowire diameter shows
step-wise increases at the locations of stacking faults, which is consistent with the segment
length expected from its growth duration. Other interfaces, such as n-GaN/n-AlGaN and
n-AlGaN/i-AlGaN, are not distinguishable from HAADF imaging Z-contrast, and there-
fore doped AlGaN segments are not labeled in the images of the HRSTEM /nanoCL results
shown in Figures 5.5 and 5.6. The continuity of the Al-rich AlGaN shell at the p-AlGaN
region is disrupted, as compared to the n- and i-AlGaN segments, most evidently seen in
Figure 5.2(e) and somewhat in Figures 5.5(f) and 5.6(b). An incomplete or locally discontin-
uous Al-rich shell can contribute to the local CL quenching observed at the p-AlGaN within
single nanowires, because of the additional pathways to non-radiative recombination from
the inferior surface passivation. The abrupt changes in sidewall incorporation of Al/Ga in
these areas are likely due to the changes in sidewall surface energy in the presence of stacking
errors that produced the faults [53]. The influence of Mg-doping on the relative growth rate
between c- and m-plane terminating facets in GaN nanowires has been widely recognized
[101, ]. Consecutive stacking errors within a wurtzite (WZ) structure can lead to the
formation of rotation twins about the c-axis or zinc-blende (ZB) insertions depending on the

number of repeating units. ZB GaN (as well as binary InN and AIN) has a smaller bandgap
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Figure 5.6: (a — b) HRSTEM-HAADF images of a low Al-content AlGaN nanowire (Sample A). The
presence of some stacking faults in the p-AlGaN region are marked by arrows in the detailed view in (b).
STEM-CL spectrum image of the same nanowire. (c¢) ADF and (g) BF images acquired concurrently with
the CL spectrum image, and (d — f) wavelength-integrated CL maps of spectral features centred about the
wavelengths labeled in (h). (h) Unique CL spectra from ROIs marked using colour-coded dashed boxes in
(d - f£).

than its WZ phase counterpart [53], such that together with a staggered band alignment, ZB
inclusions in an overall WZ GaN nanowire form quantum well-like heterostructures [55, 195].

Another nanowire examined from Sample A is shown viewed along an a-plane orienta-
tion in the HRSTEM-HAADF image in Figure 5.6(a). This Sample A nanowire showed no
noticeable emission from the n-GaN base itself, but other emission peak intensities (Fig-
ures 5.6(d) and 5.6(f)) are similarly delocalized along the nanowire length over ~0.1 pm in
size as NW 1 and NW 2 from Figure 5.5. With the exception for an additional weak intensity
peak at ~314 nm from the AlGaN region shown in Figure 5.6(e), which originates from a
confined central area within the AlGaN segment. However, no specific structural or chemical
feature was identified using HRSTEM to correlate to this localized emission, so its emission

origin remains unknown. The broad low-energy emission peak at 360 nm (~3.44 eV) from

Chapter 5. Carrier Localization at Atomic-Scale AlGaN Compositional Fluctuations 125



Ph.D. Thesis — Steffi Y. Woo McMaster University — Materials Engineering

the i-AlGaN region in Figure 5.6(f) is considered of the same origin as NW 1’s ROI 2 (blue
spectrum in Figure 5.5(¢e)). In addition, a similar low-energy shoulder has been observed in
room-temperature PL spectra of Sample A but overlaps with the expected emission from the
n-GaN nanowire bases. This broad band can be ascribed to recombination of neutral donor
acceptor pairs D°A% in AlGaN at low (cryogenic) temperatures, which evolves towards a free
electron-neutral acceptor transition eA° due to the thermal ionization of donors at tempera-
tures above 100 K [128]. Its emission energy difference with the AlIGaN NBE (F X 4) emission
suggests a 236 meV deep acceptor level above the valence band, which is consistent with
a Mg-acceptor activation energy (F,4) for AlGaN at the Sample A Al-composition (recall
ESN 2~ 170 meV [219], E4®™Y ~ 510 meV [218]). Silicon substituting a nitrogen atom (Siy)
is another possible shallow acceptor in this case, as commonly observed in Si-doped GaN,
Siy has a binding energy F4 &~ 224 meV in GaN [211]. The asymmetric low-energy tail in
the broad band is assigned to longitudinal-optical (LO) phonon replicas of the eA° transition
[202]. CL emission from the n-GaN base is in general extremely weak in other (Al,In)GaN
nanowire samples when surface passivation from the spontaneously-formed Al-rich AlGaN
shell is absent. The strong presence of stacking faults in the p-AlGaN region are again noted
in the high-magnification image in Figure 5.6(b). No defect-related emission at the p-AlGaN

region that can be associated with the presence of stacking faults was observed.

5.3.3.1 Discriminating Emission from Strain or Composition in Nanowire Core

As a comparison to distinguish GaN emission from AlGaN emission in the Sample A, CL
emission from the n-GaN bases in GaN p-n junction nanowires, in the absence of an Al(Ga)N
shell, is presented in Figure 5.7. CL intensity is only observed in the n-GaN base portion
of the nanowire (Figure 5.7(b)), but was detectable only when the carrier generation rate
is maximized by increasing the probe current by up to ~90 times the currents used for
the AlGaN nanowires. The corresponding spectrum in Figure 5.7(d) shows a narrow peak
centred at 3.46 eV (358 nm), suggesting its contribution from a NBE transition of excitonic
origin (involving free exciton or bound exciton recombination) or other shallow donor levels
[202], and is in close agreement with literature values for CL emission from unstrained GaN at
150 K [122, , 245]. At low-temperatures, recombination of neutral donor-bound excitons
(DX, due to shallow Sig, or Oy donors [104]) is the dominant NBE transition for undoped
GaN [128]. With increasing temperature, such as at T = 150 K for the CL experiments, the
DX lines are quenched giving way to free A exciton (FX4) and even free B exciton (FX3)
lines observable with the spectral resolution from PL spectroscopy [128].

Analogous to coherent AIN/GaN core-shell nanowire heterostructures [246], an Al-rich

AlGaN shell can inflict a nearly uniaxial compressive strain onto the n-GaN core along the
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Figure 5.7: (a) ADF and (c) BF image of a GaN p-n junction nanowire from the STEM-CL spectrum
image acquired at 150 K, (b) CL map extracted at E = 3.46 eV from the n-GaN region, and (d) CL
spectrum showing the GaN NBE emission peak at 3.46 eV (358 nm) with 90 meV FWHM from the n-GaN
region marked in (b).

axial direction in Sample A nanowires [247]. The uniaxial-like strain condition is because

€roteyy - -,
—=5-4 s negligibly small compared

the magnitude of the in-plane components, €pgne =
to the out-of-plane strain €., [248]. The uniaxial compression induces modifications to the
GaN band structure that results in a blueshifting of the excitonic transition energies [2419)].
A dependence of the blueshift in luminescence energy on the thickness of the AIN shell has
been reported by Rigutti et al. [216], or more specifically, on the degree of unixial strain
which can be expressed as a function of the shell-to-core volumetric ratio Van/Vaen. In

order to fulfill the criterion for continuity at the coherent GaN/AIN interface (according to

zzZ

% . can be described as

continuum elastic theory), the out-of-plane strain in the GaN core €

an analytical function of the nanowire geometrical parameters as in Equation (5.3) [2418].

AIN _ GaN
F i — ¢

Eigre = 1+ F COGaN (53)
Vv CAIN GaN \ 2
F= VAIN CnggaN <C?41N> (5.4)
GaN L33 €o
1% 12 4+ 2R, 1,
AIN g (5.5)

Voan  R2

where ¢y is the relaxed axial lattice parameter, C33 is the elastic constant, R, is the
nanowire core radius, and t; is the shell thickness. The energy of excitonic transitions,
including that of free A exciton (FX,4) can be calculated as a function of uniaxial strain
ez . following Equation (5.6) for type A (heavy holes, HH), B excitons (light holes, LH) and

core

similarly Equation (5.7) for type C' excitons (split-off holes, CH).
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Table 5.1: Material parameters for AIN and GaN used to describe the band structure of strained GaN,
including valence-band deformation potentials (D; and Ds) and conduction-band hydrostatic deformation

potential (a.,) of wurtzite GaN from Ishii et al. [250]. The remaining parameter values are from Vurgaftman
and Meyer [30].
Parameters AIN GaN
Axial lattice constant co (A) 4.982 5.185
Elastic constant Cs3 (GPa) 373 398
Crystal-field splitting A, (meV) —169 10
Unstrained exciton energy E4(0) (eV) 3.478
Unstrained exciton energy Ec(0) (eV) 3.5
Deformation potential a., — D1 (eV) —6.5
Deformation potential D3 (eV) 4.9
Eap(eiise) = Eap(0) + [ — Dy = Dy et (5.6)
Eo(€tie) = Eol0) + |ac: — Di |, (5.7)

The low Al-content AlGaN nanowires (Sample A) presented in Figures 5.3, 5.5 and 5.6
exhibit an Al-rich shell with thickness ranging from 2 — 5 nm and core diameters varying
from 30 — 100 nm along the nanowire length. The EELS elemental quantification for Sample
A nanowires have already demonstrated in Section 5.3.2 that ~20% Al is present within
the AlGaN nanowire core. To further disprove the possibility of no Al incorporated within
the nanowire core, the blueshift of the CL emission peak is assessed in the following. Un-
der the hypothetical assumption that the cores are 100% GaN in the AlGaN segment (no
Al was incorporated into the core) and the shells are 100% AIN, it suffices to isolate the
extreme mismatch limits for simplicity. The blueshift in the “GaN core” emission (such as
green NW 2 spectrum in Figure 5.5 and blue ROI 1 spectrum in Figure 5.6), which are
at energies centred about 3.68 — 3.77 eV, is then 200 — 290 meV. Using Equation (5.6) to
calculate the uniaxial strain needed to produce the smallest blueshift observed of 200 meV,
it comes to —1.75% compressive strain when only considering type A excitons (X4, elec-
trons bound with HH), which translates to a shell-to-core volume ratio of Van/Vigan = 0.80
using Equations (5.3) and (5.4). It is worthwhile to mention that at such high magnitudes
of uniaxial compression, there exists a cross-over between type A and C' exciton energies
at €,, ~ —0.5%, beyond which type C excitons (X¢, electrons bound to CH) becomes
the lowest-lying energy transition at the valence band maximum [24106, ]. The deforma-
tion potentials that govern the blueshift are even smaller for type C' exciton transitions

(cf. Equation (5.7) and Table 5.1), therefore the calculated compressive strain required to
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produce the observed minimum blueshift would not be realistic (Van/Veany = 3.62). This
calculated hypothetical scenario is therefore not in agreement with the observed shell-to-core
volume ratio (Van/Vean < 0.50) and the resulting CL emission energy (and hence assumed
strain-induced blueshift).

The crossing of the valence band maximum is caused by changes in the internal displace-
ment parameter u due to strain, which sensitively affects the crystal-field splitting (A.)
that, along with the c/a lattice parameter ratios, governs the order of the I's (HH, LH)
and I'; (CH) hole bands (notation without taking into account spin-orbit coupling effect)
[27, ]. The sequence of I'g and T'; levels at the top of the valence band in wurtzite GaN
is reversed with respective to wurtzite AIN, as described by the opposite signs in A, values
(Table 5.1). I's and I'; bands have wave functions that differ in character: I'¢ is p, ,-like
and I'y is p,-like. The practical relevance of this band structure property difference is the
switch in light polarization from TE-dominant in relaxed GaN to TM-dominant in uniaxially
compressed GaN, given the change in p, - to p,-like character of the top-most valence band
[251]. As already described in the introduction in this chapter, this change in light emission
polarization has implications on the light extraction efficiency along the c-plane growth axis.

To illustrate this argument, a calculation for the Sample A nanowire presented in Fig-
ures 5.2 and 5.3 with an average R. = 16.25 nm and ¢, = 3.5 nm has Van/Vaen = 0.48
following Equation (5.5). In order for an AIN shell to inflict €22, = —1.75% strain into the
GaN core of the same size, the shell thickness would have to be 5.6 nm or greater. More
recent work by Hetzl et al. [252] of Al(Ga)N/GaN core-shell nanowires with core diameters
of ~50 nm (R, = 25 nm) and Algg5GagosN shell thickness of up to 60 nm, or Van/Viaan
= 11.96, demonstrates directly that even such an extreme case showed a strain-induced
blueshift emission energy from the GaN core to only 3.63 eV for room-temperature lumi-
nescence. Therefore in conjunction with the elemental quantification outlined previously in
Section 5.3.2 for these low Al-concentration AlGaN nanowires, the CL emission at energies
beyond 3.68 eV can be undoubtly ascribed to an alloy composition effect at the AlGaN core

with sufficient incorporated-Al.

5.4 High Al-Concentration AlGalN Nanowires

The second half of this chapter focuses on Al,Ga; N nanowires with drastically higher
nominal Al-concentration of z = 0.88 (Sample B), which were also investigated in order
to pursue shorter wavelength emission towards the UV-B band. A representative STEM-
HAADF image of a high Al-content Sample B nanowire is shown in Figure 5.8(a). The n-
GaN, p-i-n AlGaN (darker region), and p-GaN segments along the growth direction can be
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clearly identified. It should be remarked that the various p-i-n doped AlGaN regions do not
show unique HAADF contrast to be easily discernible when observing at low-magnifications,
similar to the previous Sample A nanowires. However additional nanoscale features later
discussed show changes in their nature along the nanowire length, which are assumed to be
related to changes in doping and used to infer the differently doped regions. As compared to
the low-Al content Sample A nanowires, the high-Al content AlGaN nanowires also exhibit
a similar but more severe inversely tapered geometry, showing a drastic increase in diameter
along the growth direction. The Sample B nanowires have a wurtzite crystal structure, as
confirmed using the fast Fourier transform of the image (not shown). High-resolution images
of the p-doped AlGaN region indicate the presence of extensive modulations in the image
intensity at the atomic-scale, as shown in Figure 5.8(b). The alternating brighter and darker

bands in the HAADF intensity observed shows some local short-range order, and can be
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Figure 5.8: STEM-HAADF Z-contrast images of a single high-Al content AlGaN nanowire, Sample B.
(a) An overview of the AlGaN p-i-n nanowire laser structures along a (1120) zone-axis, (b) a more detailed
view of the p-AlGaN region (boxed in blue dashed line in (a)) showing the modulating image intensity along
the c-axis. (c) Atomic-resolution image of the selected region within p-AlGaN (boxed in green dashed line)
in (b) showing the discontinuous Ga-rich atomic-layers that show some short-range periodicity. Detailed
atomic structure in (d) with line profiles across pairs of adjacent atomic dumbbells (e, f) directly confirms
the N-polarity. Gaussian blur was applied to (c¢) and (d).
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directly attributed to local changes in composition, leading to modulating chemically-ordered
Ga-rich/Al-rich bands. Seen in detail in Figure 5.8(c), these Ga-rich AlGaN layers exhibit
discontinuities in the lateral direction (perpendicular to the growth direction) and do not
span the full nanowire diameter, as most evident in the near surface region of the nanowire
(at the bottom of the image). Further characterization of the compositional fluctuations in
the high-Al content AlGaN alloy will be discussed in a later section (Section 5.4.2).

5.4.1 Crystal Polarity of AlGaN Nanowires

The crystal polarity of the nanowires was directly determined from the HAADF image
intensity across adjacent atomic dumbbells within the high Al-content AlGaN when observed
along the (1120) orientation (a-plane). The low-Z N-atoms are visible in the proximity of
the weaker scattering from Al-atoms in comparison to the strong scattering from Ga-atoms
in GaN [18, 116]. A detailed analysis of the atomic structure in the nanowire from Figure 5.8
shows elongation of the group III atomic columns alternating diagonally left and diagonally
right. The corresponding line profiles of the HAADF intensity from a pair of marked atomic
dumbbells in Figure 5.8(d) are displayed in Figures 5.8(e) and 5.8(f), confirming that the
presented AlGaN nanowires are N-polar. All Sample B nanowires examined along (1120)
orientation that allowed for this direct and facile polarity determination demonstrate N-face
polarity. This is in good agreement with previous studies reporting polarity determination
using (S)TEM methods on similar GaN nanowires grown under nitrogen-rich conditions
[16, 19, 113]. Due to the N-face polarity, the polarization-induced electric field is anti-parallel
to the built-in electric field of the p-n junction (along [0001] and [0001], respectively), thus
can improve the carrier transport under electrical injection and reduce the operation voltage
of the LEDs or laser of these nanowire structures relative to conventional Ga-polar AlGaN

epilayer structures [225].

5.4.2 Atomic-Scale Compositional Modulations in AlGaN Alloy

In contrast to Sample A (low Al-concentration AlGaN sample), the strong atomic-scale com-
positional fluctuations that were formed within the AlGaN segments in Sample B requires
additional characterization to understand their nature and formation. Illustrated in Fig-
ure 5.9(b) is a high-magnification HAADF image from the p-AlGaN region (boxed region in
Figure 5.9(a)) of one AlGaN nanowire from Sample B, showing strongly modulated image in-
tensity along the c-axis direction that can be attributed to local changes in Ga-concentration.
The presence of extensive atomic-scale Ga-rich/Al-rich modulations along the growth direc-

tion can be clearly observed in the detailed view in Figure 5.9(c). Recall that atomic-scale
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chemical ordering was also observed in the Sample A nanowires (Figure 5.2(e)), though quite
exclusively within the Al-rich AlGaN shell discussed in Section 5.3. Further chemical evi-
dence validating the compositional origin of the observed Z-contrast intensity modulations
is provided by EELS spectrum imaging carried out at atomic-resolution. The Ga-map and
the concurrently acquired ADF signal in Figure 5.9(d) show a distinct enrichment in the
Ga-signal that corresponds to the local increase in the ADF signal within single c-planes.
An overlay of the integrated intensity line profiles of the ADF signal (blue) and the Ga-signal

(red) in Figure 5.9(e) further emphasizes their unequivocal correspondence. The localized

variations in the Ga-concentration are estimated to be at minimum ~5 — 10 at.%.
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Figure 5.9: (a) STEM-HAADF image of an overview of one nanowire, highlighting the n- and p-GaN
segments in bright contrast. (b) High-magnification image from the p-AlGaN region (boxed in red dashed
line in (a)), showing intensity modulations along the c-axis, indicative of local changes of Ga-composition.
(c) Detailed view from the blue dashed box region in (b), showing highly localized compositional modulations
of alternating Ga-rich/Al-rich planes at the atomic-scale. (d) The Ga-map (displayed in temperature-scale)
and concurrently acquired ADF signal from EELS spectrum image at atomic-resolution (boxed in green
dashed line in (b)), showing a direct correspondence between the local increases in Ga-signal with the ADF
signal within single atomic-planes. Weighted-PCA was applied for noise reduction. (e) Integrated intensity
line profiles of the ADF signal (blue) overlaid with the Ga-signal (red) across the entire EELS spectrum
image in (d), further emphasizes that the HAADF intensity modulations are attributed to local enrichment
of Ga-composition.
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Figure 5.10: STEM-HAADF images of other high-Al content AlGaN nanowire structures (Sample B),
showing compositional fluctuations of different nature in other regions. (a) An overview of a nanowire,
highlighting the n- and p-GaN segments in bright contrast. (b) Detailed view of the i-AlGaN (boxed in red
dotted line in (a)) showing modulating image intensity for planes inclined from the c-axis, and along c-planes
of two length-scales (atomic-level between black arrows, and 2 nm arrowed white). (c) Atomic-resolution
image of the selected region within i-AlGaN (boxed in green dashed line) in (b) showing the atomic-scale Ga-
rich striations inclined along semi-polar {1013} planes. (d) Detailed view of the compositional modulations
in the p-AlGaN region along c-axis (boxed in blue dashed line in (a)). (e) A separate nanowire featuring

similar atomic-scale compositional fluctuations along semi-polar {1013} planes at the near-surface regions in
n-AlGaN.
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In addition, it should again be emphasized that the Ga-rich AlGaN bands (brighter re-
gions) are not continuous along the lateral direction (perpendicular to the growth direction),
as exemplified in Figure 5.9(c). Such Ga-rich AlGaN regions have sizes varying from a single
atomic layer (0.25 nm) to 2 nm along the c-axis growth direction, such as bands arrowed in
white in Figure 5.10(b), and lateral sizes varying from 2 — 10 nm. It is further noted that
similar atomic-scale compositional modulations can be also observed at the near-surface re-
gions in ¢- and n-AlGaN simultaneously in other nanowires presented in Figure 5.10. The
nature of the compositional fluctuations shows varying characteristics in the different p-i-
n-doped AlGaN regions. The single Ga-rich c-planes are prevalent predominantly within
the p-AlGaN, with some also occuring inclined along semi-polar {1013} planes (cf. the top
near-surface region in the nanowire in Figure 5.9(b)). A large majority of the Ga-rich planes
in n- and i-AlGaN are periodic single {1013} planes inclined with respect to the growth di-
rection near the nanowire sidewalls as in Figures 5.10(c) and 5.10(e), with lateral dimensions
of ~5 — 10 nm when observed edge-on along a (1120) zone-axis. Other nanoscale Ga-rich
regions are also prone to occur simultaneously in the i-AlGaN region near the centre of the

nanowire, as shown in the example in Figure 5.10(b).

5.4.2.1 Dimensionality of Ga-rich Chemically-Ordered AlGaN

In order to deduce the approximate lateral dimensions of the Ga-rich regions within the
high Al-content AlGaN nanowires (Sample B), multiple orientation views of the p-AlGaN
segment as presented in Figure 5.11 were used. The observed lateral discontinuities suggest
that the Ga-rich regions in the p-AlGaN segment make up a small fraction of the nanowire
diameter in one direction, and may occupy a substantial portion of the projected thickness
within the nanowire diameter (in order to be detectable). Alternatively, the Ga-rich/Al-rich
planes could exhibit detectable HAADF intensity differences if the Ga-rich planes have a
very high Ga-content (large compositional variation to Al-rich planes), but are small in di-
mension along the through-thickness seen in projection. This indicates that the atomic-scale
compositional fluctuations would possess quantum dot/dash-like structural characteristics
within the nanowires. In Figure 5.11, both a- and m-plane orientation views (adjacent
zone-axes 30° tilt apart about the c-axis) of the same nanowire are displayed to illustrate
the lateral extent of such atomic-scale Ga-rich regions within the p-AlGaN. Along both a-
and m-plane views, the Ga-rich regions make up approximately half the nanowire diameter,
bounded by the pairs of arrows in Figures 5.11(b) and 5.11(e), respectively. Such a two-
image projection allows to delimit the approximate size of the Ga-rich regions as the purple
shaded area, based on the intersected red and blue dashed line boundaries, in the schematic

illustration of the c-plane direction in Figure 5.11(d). Uncertainty in the approximate size is
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along the through-thickness direction, indicated by the gradation in the opacity within the
purple shaded area in Figure 5.11(d), which can only be determined by a projection tilted
60° further and not possible in the current experimental set-up. This result confirms that
the atomic-scale compositional fluctuations possess quantum dot-like or, at most, quantum
dash-like structural characteristics within the high Al-concentration AlGaN nanowires.

With increased Al-concentration in Sample B, the presence of a few nm-thick Al-rich
AlGaN shell (darker region) near the sidewall surface can also be observed when viewing
along the (1100) orientation (m-plane), which is further surrounded by a Ga-rich outermost
shell as presented in Figures 5.11(e) and 5.11(f). This is similar to that observed in the low
Al-concentration nanowires (Sample A). The nanowires in the present study are ~50 — 75
nm in diameter, and the nucleation density of the nanowires is high, therefore effects of beam
shadowing by neighbouring nanowires are likely at play. Notable evidence of shadowing effect
occurring during the growth of these Sample B nanowires includes the decreasing thickness
of the Al-rich AlGaN shell visible in Figures 5.11(e) and 5.11(f). The thickness of the Al-rich
AlGaN shell is noted by a double-ended black arrow in Figure 5.11(e), which shows a gradual
narrowing towards the p-GaN contact layer marked by the black arrow. The variation in shell
thickness is more noticeable at high-magnification in Figure 5.11(f), with the shell thickness
also marked by double-ended black arrows. A mechanism coupling the narrowing of the
Al-rich AlGaN shell thickness in AlIGaN/GaN nanowires during continuous growth of longer
AlGaN segments to simultaneous increases in nanowire diameter has been explained using
geometrical shadowing [236]. This effect was explained by the facile sidewall incorporation
of Al-atoms that increases the nanowire diameter, and progressively enhances the shadowing
effect, such that sidewall diffusion and hence deposition rate of the shell diminishes. A
similar behaviour of an Al-rich AlGaN shell decreasing in thickness has also been observed
by Pierret et al. [231]. The Al-rich AlGaN shell also surrounds a large portion of the n-GaN
base, further evidencing sidewall impingement and supporting the possibility of shadowing.
Additionally, the Ga-rich outermost shell that encompasses the aforementioned Al-rich shell
in both low and high Al-content nanowires (Sample A and B), visible in Figure 5.9(b) and
Figure 5.11(e), extends beyond 75 — 150 nm below the top p-GaN segment. Its formation
due to the sidewall diffusion of Ga-adatoms from the directly impinging flux at the nanowire
tops is likely, but the direct impingement of adatoms onto the sidewalls is also possible for
shells that form over long distances along the nanowire length.

The nature of the nanowire sidewall faceting, which can reflect the effects of the adatom
mobility differences during AlGaN nanowire growth, should warrant some discussion. The
low Al-content AlGaN nanowires (Sample A) exhibit hexagonal cross-sections with m-plane

sidewall facets, as expected from GaN nanowires [101, ] and shown previously in Fig-
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Figure 5.11: (a — c), a-plane orientation view along (1120) of an AlGaN nanowire of Sample B. (a) is a
low-magnification overview of the full nanowire, (b) shows the lateral extent of the Ga-rich regions within
the p-AlGaN segment (boxed in red dashed line in (a)) marked by the red arrows, the atomic-scale Ga-rich
layers (as boxed in orange dashed line) are shown in detail in (c). (d) schematic illustration of the c-plane
view of the nanowire, depicting the proposed macroscopic faceting (thick solid black hexagonal outline) from
the HAADF intensity profiles (red for a-plane, blue for m-plane orientations), and the maximum size of the
Ga-rich region as purple shaded area delimited by the red and blue dashed line boundaries from the two
STEM projections. A wurtzite unit cell of GaN bound by m-plane surfaces (dashed black line) is also shown
in (d). (e — f) m-plane orientation view along (1100) of the same nanowire. (e) shows the lateral extent
of the Ga-rich regions within the p-AlGaN segment marked by the blue arrows, and the modulated Ga-rich
layers (boxed in green dashed line) are shown in detail in (f).
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ure 5.2(d). In contrast, the high Al-content AlGaN nanowires (Sample B) have a projected
shape that deviates from what would result from a hexagonal cross-section terminated by
m-plane sidewall facets. This is in agreement with the GaN/Al(Ga)N nanowire heterostruc-
tures of Risti¢ et al. [101] and Furtmayr et al. [253] where the GaN core is highly prismatic,
while the surrounding AIN layer exists as an irregular rounded shell due to differences in
surface kinetics of Ga and Al. The formation energies of m-plane surfaces for both GaN and
AIN are reported to be only lower than a-plane by ~10 meV [251].

The macroscopic shape of the high Al-content AlGaN nanowire in Figure 5.11 was as-
sessed based on the lateral projected shape from the integrated HAADF intensity profile
along both a- and m-plane views, as presented in Figure 5.11(d) as the red and blue plots,
respectively. HAADF image intensity increases monotonically with thickness, such that the
shape of the HAADF intensity profile reflects the projected cross-sectional thickness. The
blue half-hexagon house-shaped profile viewing down m-plane orientation, and red isoceles
trapezoid-shaped profile viewing down a-plane orientation in Figure 5.11(d) are reversed
from the expected outcome if assuming a m-plane terminated hexagonal cross-section for
the nanowire. Therefore the two projected shape profiles not only confirm non-m-plane
surface facets, but they are in fact also suggestive of the presence of a-plane surface facets.
The proposed macroscopic shape is shown viewed down the c-plane as the thick solid black
hexagonal outline in Figure 5.11(d) overlaying the atomic-structure model deduced from
the STEM observations along the two non-polar orientations. A wurtzite unit cell of GaN
(dashed black hexagon) viewed down the c-plane with m-plane faces is also shown along-
side for comparison in Figure 5.11(d) to note the 30° rotation relative to the macroscopic
shape/facets determined from experimental results. Identical macroscopic lateral faceting
behaviour in AIN/GaN nanowires grown by the McGill MBE group using similar growth
temperatures and nitrogen-rich conditions have also been observed (c¢f. Appendix A.2), in-
dicating that the high Al-content AlGaN nanowires have surface kinetics effects dominated
by Al-adatoms.

Both an irregular shape (i.e. non-hexagonal cross-section with mixtures of m- and a-
plane facets) or atypical a-plane surface termination could strongly affect the diffusion of Al
and Ga atoms along the sidewalls during the subsequent growth process, altering the supply
of atoms at the axial growth front that leads to non-uniform incorporation. Such a reasoning
is further supported by the more recent growth of high Al-concentration AlGaN nanowires
under nitrogen-reduced conditions and higher growth temperatures (895 — 960 °C) that
maintains a high degree of atomic-scale and nanoscale alloy homogeneity across the various
doped AlGaN regions (shown in Appendix A.3). (Al,In)GaN nanowires are typically grown

under nitrogen-rich conditions, which has been described as a fundamental component for
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achieving disparity between axial to radial growth rates. As early as during the nucleation
stage for catalyst-free growth, the usual excess of active nitrogen reduces the mobility of
adsorbed group III species on the substrate surface [255]. At the same time, the elevated
growth temperatures provide sufficient enhancement for adatom migration along nanowire
sidewalls towards the axial growth front, in particular the Al-adatoms [256]. This is evidenced
by the lack of a Al-rich core-shell structure, which was otherwise present in both Sample
A and B nanowires grown under nitrogen excess, as well as m-plane sidewall facets with
reduced-nitrogen in contrast to the high-Al content Sample B. Additionally, at such high
growth temperatures above the decomposition temperature of GaN (750 °C), Ga-adatoms
readily desorb and its incorporation rate are significantly less than 0.1 [239]. Therefore the
competitive incorporation of Ga and Al become then dominated by Al-species due to the
overall difference in bond cohesive energy [239]. Together with the decreased nitrogen flux,
there is less active nitrogen available for the Ga-incorporation, and the Ga-adatoms tend to
accumulate as a reservoir at the growth front. However because of the desorption at very
high temperatures, an accumulated Ga-adlayer that can otherwise lead to lateral and axial

compositional fluctuations in AlGaN alloys [232, 239] does not form.

5.4.2.2 Formation Mechanism of Quantum Dot/Dash Features

The formation process of the Ga-rich quantum dot/dash-like features within the AlGaN seg-
ments is likely related to the interplay between spontaneous chemical ordering and anisotropic
adatom migration from the irregular top/lateral surfaces of the nanowire arrays under
nitrogen-rich conditions. The spontaneous formation of nanometer-scale long-range ordering
of Al-rich and Ga-rich layers has been observed in nanowires [231, 233] and thin films [257],
which was explained by the significantly different binding energies between Ga—N and Al-N.
Such spontaneous chemical ordering alone, however, cannot explain the formation of quan-
tum dot/dash-like nanostructures that are discontinuous in-plane. The macroscopic faceting
in the high Al-content AlGaN nanowires was assessed from HAADF intensity profiles (Fig-
ure 5.11(d)) in the preceding section, invalidating the presence of m-plane sidewall facets
and revealing a-plane surfaces. Due to the random nucleation and formation process as well
as the beam shadowing and coalescence effects of neighbouring nanowires, self-organized
AlGaN nanowires tend to develop into non-symmetric shapes with such irregular sidewall
facets (which can be seen from the SEM image in Figure 5.12(a)). An irregular non-hexagonal
cross-section can be due to an intermediate regime between having both m-plane and a-plane
surface facets.

Both a non-symmetric shape and the nature of the surface facets strongly affect the dif-

fusion of Al and Ga atoms along the sidewalls [257] that can alter the supply of atoms to
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Figure 5.12: (a) SEM image of Sample B taken at a 45° tilt angle. (b) Normalized room-temperature
PL spectra of low and high Al-concentration AlGaN nanowires (Sample A and B, respectively), noting the
approximately twice as broad spectral linewidth in Sample B.

the top of the nanowire during the subsequent growth process. For AIN shells grown on
GaN bases in AIN/GaN core-shell nanowires, it was determined empirically in the work of
Hestroffer and Daudin [258] that approximately 55 — 60% of the Al-atoms impinging onto
the sidewalls do not get incorporated and diffuse to the top surface growth front, then sub-
sequently contribute to the axial growth rate. Surface diffusion barrier energies calculated
from density functional theory for Ga-atoms on GaN and Al-atoms on AIN on the expected
m-plane sidewall termination in nanowires are summarized in Table 5.2. Both respective
systems show that diffusion along the nanowire length [0001] direction is unfavourable com-
pared to across the m-plane facet in the [1120] direction. The trends for both systems are
reversed on the other non-polar a-plane (also shown in Table 5.2). Hestroffer and Daudin
[258] proposed the possibility of narrow a-plane ridges connecting two adjacent m-plane side-
wall facets that can facilitate a zig-zag motion of adatoms (along a-axis on m-plane to along
c-axis on a-plane) globally towards the [0001] direction to the top surface. This description
of the Ga/Al-atom surface diffusion can be a good parallel for the low Al-concentration
AlGaN nanowires (Sample A), previously discussed to exhibit m-plane sidewall surfaces in
Section 5.3. On the other hand, the a-plane termination for the high Al-concentration Sam-
ple B can shift the fraction of Al-atoms impingent onto the sidewalls that diffuse to the top
surface, due to differences in a-plane surface diffusion barriers favouring motion along the
nanowire length [0001] direction over laterally along [1100] direction.

Additionally, it is worth mentioning that the role of dopant impurity atoms in ternary
ITI-N nanowire growth is also not well-known. In the case of GaN nanowires, Mg-doping can
induce changes in the ratio of ¢- to m-plane growth rates, encouraging coalescence due to
enhanced radial growth [55, 104, 259], as well as the formation of stacking error-induced twin

defects [75]. These effects, together with the difference in surface migration and desorption
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Table 5.2: Calculated surface diffusion barrier energies of Ga on GaN [257] and Al on AIN [254] along
directions parallel and perpendicular to [0001] on non-polar m-plane and a-plane surfaces.

On m-plane {1100} On a-plane {1120}
(eV) along [0001]  along (1120)  along [0001]  along (1100)
Ga on GaN 0.93 0.21 0.32 0.63
Al on AIN 2.79 0.11 0.56 2.12
rates between Ga and Al atoms [231], can strongly modulate the competitive nature between
Al- and Ga-incorporation [232], driving the spontaneous chemical ordering process at the

growth front. As such, quantum dot/dash-like nanostructures can be formed in self-organized
AlGaN nanowire arrays due to the kinetically-driven nanoscale alloy inhomogeneity. Effects
of such compositional variations on the optical properties of AlGaN nanowires are manifested
by the broad PL spectral linewidth, shown in Figure 5.12(b), as well as the extremely high
luminescence efficiency (~80%) at room-temperature. Due to the large effective mass of
charge carriers in Al-rich AlGaN, the Bohr radii are only 1 — 2 nm, which is comparable to
the size variations of the observed quantum dots/dashes. As a consequence, the quantum
dot/dash structures can even provide strong 3D quantum confinement. Moreover, such local
compositional variations also induce strong perturbation to the energy band due to the

changes in the spontaneous polarization fields.

5.4.3 Nanoscale Carrier Localization at Alloy Fluctuations

With increased Al-concentration in Sample B AlGaN nanowires (nominally z = 0.88), the
extensive atomic-scale HAADF intensity fluctuations present in the AlGaN regions are in-
dicative of strong Ga-rich/Al-rich compositional modulations, as validated using EELS el-
emental mapping at atomic-resolution in the previous Section 5.4.2. Such (sub-)nanoscale
alloy fluctuations can present as localization potentials in the energy band landscape, lead-
ing to the enhanced spatial confinement of carriers. This aids to explain the unexpectedly
high PL IQE of the Sample B nanowires, where by decreasing the effective carrier diffusion,
diffusion to non-radiative recombination centres are prevented. In order to gain more insight
into the assorted nature of compositional fluctuations throughout the variously doped Al-
GaN segments and their corresponding optical properties, combined nanoCL and HRSTEM
on the high Al-content AlGaN nanowires was performed and discussed in this section. The
nanoCL results of high Al-concentration Sample B demonstrate that the local optical be-
haviour in the presence of marked compositional fluctuations drastically differ from the low

Al-concentration Sample A that exhibit a high degree of alloy homogeneity in the nanowire
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core. Aside from an expected blueshifting in emission energy due to change in composition,
numerous sharp emission lines originate from the AlGaN regions, whose spatial distribution
of CL intensity is locally peaked across nanometer-sized areas.

The first example of such correlative HRSTEM and nanoCL analysis carried out on high
Al-concentration AlGaN nanowires is presented in Figure 5.13, and the reproducible trends
representative of other Sample B nanowires examined are summarized in the following. The

nature of the laterally discontinuous compositional fluctuations varies between p-, i-, n-

doped AlGaN regions: single atomic layers occurring on c-planes along the growth direction
in p-AlGaN (Figures 5.13(c) and 5.13(e)) and on semi-polar {1013} planes in i-AlGaN
(Figure 5.13(b)) and n-AlGaN (Figures 5.13(a) and 5.13(d)). Other nm-sized compositional

modulations and segregation effects can be also observed. Nanowires in Sample B display
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Figure 5.13: (a — f) HRSTEM-HAADF images showing detailed views of the atomic-scale compositional
fluctuations in i-AlGaN (b), n-AlGaN (d) and along c-planes in p-AlGaN (e). STEM-CL spectrum image
of the same nanowire: (g) CL spectral profile integrated across the nanowire diameter as a function of the
emission wavelength/energy and position along the nanowire axis in the spectrum image, (h) selected CL
spectra from ROIs marked in (g, i), and (i) CL maps extracted about peak maxima marked in (h) with
energy integration window also indicated, and the concurrently recorded ADF image. Dashed lines are visual
boundary guides for separating the regions.
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a spectrally dense series of narrow emission lines extended between 4.1 — 5.6 eV from the
AlGaN regions (representative exemplaries in Figure 5.13(h) and Figure 5.14(c)), which are
blueshifted (230 — 300 nm) relative to the low Al-content AlGaN Sample A. The origins of
the emission peaks are also drastically more spatially localized within the AlGaN regions,
confined to within 50 — 100 nm-sized regions both along and transverse to the c-axis growth
direction. Demonstrated in the wavelength-filtered CL images shown in 5.13(i) is direct
evidence of carrier localization visualized at the nanoscale. Subsequent HRSTEM on these
nanowires shows that the different spectral behaviours (emission energy) can be correlated to
positions along the nanowire with different types of compositional fluctuations. Specifically,
the shortest wavelength peaks (230 — 240 nm) originate from volumes with atomic-scale
Ga-rich c-planes in p-AlGaN (Figure 5.13(c), ROI 1 circled in 5.13(g)). The overall CL
intensities from these regions are low (¢f. ROI 1 spectrum in Figure 5.13(h)) and composed
of multiple peaks that cannot be spectrally resolved. Other single sharp emission peaks at
intermediate wavelengths (240 — 260 nm) also originate from the atomic-scale Ga-rich alloy
modulations in the p-AlGaN region, such as ROI 2 in Figure 5.13(h) or red-dash-boxed area
in Figure 5.13(i), which corresponds to the area in Figure 5.13(e). Multiple high intensity
sharp peaks (250 — 290 nm) can be assigned to regions with atomic-scale modulations on
inclined {1013} planes (arrowed in orange in Figure 5.13(d)) or other nm-sized segregation
(arrowed in yellow in Figure 5.13(b)).

The nanoCL of another single high Al-content AlGaN nanowire (Sample B) is also pre-
sented in Figure 5.14 and Figure 5.15 for comparison. At first glance, inspecting the CL
spectra alone illustrates that the localization potential population induced by compositional
fluctuations does depend on the individual nanowire. However, an overall trend confirm-
ing the correlation between the nature of the Ga-enrichment that have been observed along
specific doped AlGaN regions can also be drawn, as outlined in the subsequent paragraphs.
Numerous sharp CL lines are also observed in the selected unique spectra in Figure 5.14(c),
a majority of which originate from withn the AlGaN regions. The n-GaN base and p-GaN
top generally emit weakly or do not luminesce at all, both of which can be directly related to
the partial presence or absence of an Al-rich AlGaN shell, respectively. The near band-edge
(NBE) emission at ~3.54 eV (Spectrum F in Figure 5.14(c) with 92 meV FWHM) from the
n-GaN base in the case of this nanowire is relatively strong, as shown in the corresponding
CL map in Figure 5.14(b)’s Map F. The slight blueshifting in the GaN NBE energy relative
to what is expected of the GaN bandgap at T = 150 K (3.46 eV) can be accounted for by the
presence of the Al-rich AlGaN shell. As already described in Section 5.3.3.1, the Al-rich Al-
GaN shell can inflict a nearly uniaxial compressive strain (magnitude of in-plane components

are negligibly small) into the n-GaN core along the axial direction [217]. A dependence of
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Figure 5.14: (a) ADF image of a high Al-content AlGaN nanowire (Sample B) from the STEM-CL
spectrum image, (b) wavelength-integrated CL maps extracted about peak maxima marked by double-
ended arrows in corresponding colours in the spectra of (c¢) labeled A — I. Dashed lines are boundary guides
for the separate regions to match Figure 5.15. (c) selected CL spectra from ROIs marked as colour-coded
and labeled A — I in the CL maps of (b). Intensity scaling of spectra, when applicable, is indicated by a
multiplier.

the blueshift in luminescence energy from the n-GaN base on the thickness of the Al(Ga)N
shell can be estimated from the degree of uniaxial strain determined as a function of the
shell-to-core volume ratio Viperr/Veore [210]. Conversely, the measured 80 meV blueshift from
the n-GaN base can be used to estimate the uniaxial compression imposed by the Al(Ga)N

shell as €2, = —0.7% or €2,

= —1.2% when considering the type A/B and C valence band

maximum Cross-over.
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The emission from the AlGaN is again clearly localized to small regions of 50 — 100 nm
in size, with changes transverse to the growth direction particularly evident when comparing
nearby localization centres, such as in the CL Maps D, G, H in Figure 5.14(b). Similar to
the Sample B nanowire presented in Figure 5.13 and reproduced in other single nanowires of
the same sample, the shortest wavelength peaks (220 — 240 nm) that are not fully resolved
spectrally originate from the p-AlGaN region (ROI boxed in Figure 5.14(b)’s Map I and its
spectrum in (c)). When compared to the HRSTEM-HAADF images of this local emitting
area, the images reveal volumes with atomic-scale Ga-rich c-planes in p-AlGaN at the centre
of the nanowire (Figure 5.15(e)), and along semi-polar {1013} planes at the near-surface
region of the nanowire (Figure 5.15(g)). Other well-resolved short wavelength emission lines
with energy values of 5.3 eV, 5.15 eV, and 5.05 eV also arise from the approximate interfacial
region between n-AlGaN/i-AlGaN in Map B, B’, C of Figure 5.14(b). Also evident in all of
Spectra A, B, and E of Figure 5.14(b), whose ROIs are close in proximity to each other, is
the low-energy broad band at 3.93 eV (316 nm) paired with the high intensity sharp peak
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Figure 5.15: (a, d — i) HRSTEM-HAADF images of the high Al-content AlGaN nanowire in Figure 5.14,
showing detailed views of the atomic-scale compositional fluctuations on semi-polar planes in i-AlGaN (d,
f, h, i) and along c-planes in p-AlGaN (e, g). STEM-CL spectrum image of the same nanowire: (b) CL
spectral profile integrated across the nanowire diameter, and (c) concurrently recorded ADF image. Dotted
ellipses in (b) are marked to correlate the emission peaks and their corresponding locations using the same
label from the HRSTEM images. Dashed lines are boundary guides for the separate regions identified in
HRSTEM.
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at 4.23 eV (293 nm). Analogous to the broad band observed in the low Al-content Sample
A detailed in Section 5.3.3, this broad asymmetric band in Sample B can also be assigned
to a free electron-neutral acceptor transition (eA°) and its LO phonon replicas. Assuming
the 4.23 eV line is an AlGaN NBE transition (F X ,), the relative energy difference with the
eA® transition of 310 meV translates to a Mg-acceptor activation energy for Al,Ga;_,N with
Al-content of z ~ 0.4. Recall also that Siy-acceptor has a binding energy F4 ~ 224 meV in
GaN [244].

A two-dimensional spectral profile, plotted as a function of the emission energy/wavelength
and probe position along the nanowire growth axis within the spectrum image, provides a
more quantitative visualization of carrier localization at the emission centres in the high
Al-content AlGaN nanowires. Specifically from the CL spectral profile in Figure 5.15(b), a
few features are notable: a) the i- and n-AlGaN segments emit the strongest overall in a
lower-energy band (ellipse h); b) the p-AlGaN segment emit the shortest wavelengths with
highest intensity (ellipse e), while is still only a fraction of the emission intensity from the
lower-energy bands.! High intensity luminescence bands that lay horizontally along a con-
stant emission energy extend less than 100 nm in size, such as bands marked by ellipses
e, f, 1, reflect both spectral and spatial localization. The corresponding HRSTEM-HAADF
images of the approximate locations of various localization centres (marked by ellipses in
Figure 5.15(b), labeled with their image pair) have been identified with the aid of the unpro-
jected CL maps and spectra in Figure 5.14(b) and (c), and presented in Figure 5.15(d)—(i).

5.4.3.1 Optical Properties of Extended Defects

There has been sufficient interest in extended defect-induced luminescence within GaN in
the past, including threading dislocations [204], inversion domain boundaries [260, 261], and
stacking faults [53, |. The prevalence for basal plane stacking faults in the p-AlGaN
segment in the low Al-concentration AlGaN nanowires of Sample A was already discussed in
Sections 5.3.1 and 5.3.3. Therefore one example of a high Al-concentration AlGaN nanowire
from Sample B with confirmed presence of stacking faults is explored in Figure 5.16. It should
be emphasized that a large majority of the Sample B nanowires examined with combined
nanoCL and HRSTEM or HRSTEM only did not contain any stacking faults within the
AlGaN regions, but it is still of relevance to discuss the role of stacking faults as localization
centres. HRSTEM-HAADF images of that high Al-content AlGaN nanowire viewed along
{1100} m-plane orientation (Figures 5.16(e) and 5.16(f)) show adjacent c-planes that have
reduced and enhanced image intensities relative to the nearby area within the AlGaN region,

as marked by the pair of red brackets in Figure 5.16(e). As a first approximation, it is

!There is some non-linear droop in detector response towards lower wavelength that should be considered.
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straightforward to associate these Z-contrast intensity variations to alloy fluctuations based
on prior observations in Sample B. However, viewing along m-plane orientation does not
allow to deduce the ABAB stacking sequence expected in a wurtzite structure because of

the mirror symmetry about c-axis.
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Figure 5.16: High Al-content AlGaN nanowire (Sample B) containing stacking faults. (a — f) HRSTEM-
HAADF images showing detailed views of the stacking faults within the AlGaN segments viewed along
(1120) zone-axis (a — d) and (1100) zone-axis (e — f). Red arrowed-brackets in images (d) and (e) label
the groups of stacking faults in common between the two images of different zone-axes. STEM-CL spectrum
image of the same nanowire: (g) selected CL spectra from ROIs marked in (i), (h) the concurrently recorded
ADF image, and (i) CL maps extracted about peak maxima marked in (g). Intensity scaling of spectra in
(g), when applicable, is indicated by a multiplier. Dashed lines in (i) are visual guides for the approximate
locations of stacking faults or interfaces.

Consequently, a-plane orientation (adjacent zone-axis 30° tilt away about c-axis) views
of the same nanowire presented in Figure 5.16(a)—(d) enable the examination of the stacking
sequence. The detailed views of the areas in question from boxed regions in Figure 5.16(d)

clearly outline multiple planes with errors in the stacking sequence, as marked by orange
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arrows in Figures 5.16(b) and 5.16(c). It should be noted that some image intensity varia-
tions still exist at the stacking faults in the a-plane orientation view. However, there was
no consistent image intensity change observed in this case, which could be related to dif-
ferent types of basal stacking faults. Tischer et al. [53] have previously demonstrated using
correlative CL/electron beam induced current (EBIC) measurements in a scanning electron
microscope and TEM that cubic insertions in semi-polar AlGaN electron-blocking layers in
an LED structure decreased the Al-content locally at the stacking sequence interruption.
It is possible that some alloy fluctuation was likewise induced at the stacking faults within
the AlGaN nanowires in the current study, but this could not be verified using elemental
analysis. The nanoCL of this Sample B nanowire shows a total of six unique emission peaks
localized to 50 — 100 nm sized regions within the AlGaN. Due to the close spatial proximity
of the emission centres at the location with stacking faults identified, a few of the peaks
are recurrent across the ROI 1 — 3 spectra in Figure 5.16(g). Again, ROI 4 spectrum in
Figure 5.16(g) is assigned to the NBE of the strained n-GaN base. A dependence of the CL
intensity drop-off towards the growth direction with respect to the position of the few stack-
ing faults can be observed in the CL maps of Figure 5.16(i), including the broad low-energy
peak in the ROI 3 spectrum (Figure 5.16(g) and ROI 3’ map pair in 5.16(i)) that is likely of
defect-origin. At this stage, it is premature to conclude whether the emission is due solely
to the presence of the confirmed stacking faults in this particular Sample B nanowire, or if
there is a contribution from compositional fluctuations associated with the emission at such
extended defects.

5.5 Conclusion

In summary, low and high Al-concentration AlGaN nanowires show strikingly different be-
haviour in their elemental distribution, which has a strong impact on the resulting optical
properties. The low-Al content AlGaN exhibits a high degree of alloy homogeneity within the
core of the nanowires, whose CL emission is strong due to the presence of a surface passivating
Al-rich AlGaN shell, but delocalized across hundreds of nanometers. In the high Al-concent
AlGaN nanowires, a simular core-shell structure that allows for better carrier confinement ra-
dially is also observed. The most substantial evidence with increased Al-concentration is the
strong compositional fluctuations of different nature and spatial scales down to single atomic
planes that can be classified as quantum dots/dashes prevalent across the differently doped
AlGaN regions. NanoCL reveals a high spectral density of sharp emission lines from the
AlGaN, evidencing carrier localization in the presence of energy band fluctuations given the

nanoscale variations in composition. A position-dependence in the CL emission over specific
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wavelength ranges suggests that distinct bands correspond to specific types of the compo-
sitional fluctuations at spatially defined regions in the high Al-content AlGaN nanowires.
Specifically, atomic-scale Ga-rich c-planes in the p-AlGaN emit the shortest wavelengths,
while Ga-rich semi-polar planes in i- and n-AlGaN emit strongly in a lower-energy band.
Due to the kinetic nature of the growth process governing the spontaneous formation of
these nano-/atomic-scale compositional fluctuations, variation in growth parameters can be
optimized to further exploit the alloy inhomogeneity and the associated carrier localization.
As such, emission in the DUV range, pushing towards the NBE of AIN, can be greatly en-
hanced using such AlGaN nanowire structures for application as electrically-injected lasers

and LEDs operating at room-temperature.
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Chapter 6
Summary and Outlook

In this thesis, the experimental work focused on the investigation of ternary Ill-nitride
nanowire heterostructures by analytical techniques in scanning transmission electron mi-
croscopy (STEM), namely electron energy-loss spectroscopy (EELS) for chemical informa-
tion and cathodoluminescence (CL) spectroscopy for measurement of optical properties at
the nanoscale. The aim was to examine the luminescence from individual nanostructures,
and derive a fundamental understanding of the material features contributing to specific
optical responses. This thesis work can be subcategorized into the two main structure types
studied, with majority of the focus on the first topic: i) structure-property relationship in
InGaN/(Al)GaN dot-in-a-wire embedded heterostructures, and ii) alloy inhomogeneity in
AlGaN nanowires.

Ternary InGaN alloys continue to generate a lot of interest because of their anomalous al-
loy behaviours, and how they contribute to carrier localization and the exceptional quantum
efficiencies despite of high defect densities. The growth of InGaN/GaN heterostructures in a
nanowire geometry is proposed to alleviate much of the lattice mismatch strain that governs
the piezoelectric polarization. FEvidence of suppressed internal polarization field has been
deduced from carrier dynamics using time-resolved photoluminescence (PL) spectroscopy
that have a two orders of magnitude smaller decay times [17]. Furthermore, early reports
observed minimal blue-shift in the PL peak emission energy with high excitation density to
support the reduction of polarization field-induced quantum-confined Stark effect [0, 18]. Tt
was later contradicted by Lahnemann et al. [110], where micro-PL on single nanowires sys-
tematically showed a blue-shift indicating progressive screening of the internal polarization
field. Supporting finite element calculations estimated substantial values of piezoelectric po-
larization that are only partially reduced relative to their planar counterparts. However, such
calculations were carried out based on composition inputs determined from lattice spacing

measurements averaged within an ensemble using X-ray diffraction mixed with strain from
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TEM-based lattice spacing measurements [15]. These earlier studies also determined the In-
GaN composition with prior assumptions about the strain state, and not the two attributes
independently.

It was discussed in Chapter 2 that the strain partitioning behaviour in short-period
InGaN/GaN nanowire heterostructures plays a dominant role in the incorporation of indium
during the formation of InGaN quantum dots (QDs). The misfit strain between InGaN
and GaN is accommodated elastically, and increased normal strain within GaN barriers are
balanced out by enhancing In-incorporation in the subsequent QD, ultimately leading to
the non-uniformity of In-content within individual nanowires. Notably, the strain relaxation
in the embedded InGaN QDs is actually hydrostatic, because of the sidewall overgrowth
by GaN that adds another out-of-plane constraint in the embedded structures in order to
maintain coherency. It is the out-of-plane stress that is limiting the reduction in piezoelectric
polarization expected in nanowire heterostructures. However, the omnipresent spontaneous
polarization in compressively strained In,Ga;_,N alloys has its vector anti-parallel to the
piezoelectric polarization vector, with magnitudes that remain variant only across a small
range (Py, = —0.029 — 0.032 C/m? for x = 0—1). Therefore, non-zero values of piezoelectric
polarization can be sufficient to match and counterbalance the spontaneous polarization
within the InGaN QDs.

Alloy effects continue to be a topic of concern in nanowire structures and how the inhomo-
geneity influences carrier localizaton, in particular evidence of composition pulling in thicker
InGaN insertions [13, 15]. Atomic-level chemical ordering of InGaN alloys was confirmed
within nanowire heterostructures in Chapter 3, proposed to circumvent other larger scale
compositional variability due to their mutually exclusive occurrence. Atomically-ordered In-
GaN alloys with its alternating In-rich /Ga-rich c-plane layers can be thought of as monolayer
units of strain partitioning, and provide more flexibility in accommodating bond lengths. As
such, the first InGaN QD that experiences the highest degree of in-plane strain exhibits
a prevalence for atomic ordering, further exemplified in the single InGaN dot nanowires.
In addition, the semi-polar vicinal growth surfaces within the nanowire heterostructures
promotes the energetically-favourable incorporation of In-adatoms into lower-coordination
surface sites. The optical consequences of atomic ordering in InGaN alloys are intrinsically
difficult to isolate, but the low defect density of nanowires makes them a viable platform to
carry out such investigations.

Chapter 4 examines the luminescence of individual nanowire heterostructures. It was
demonstrated that the polychromatic emission characteristics originate from single nanowires
caused by the compositional non-uniformity between InGaN QDs. It does not, however, over-

look the contribution of the inhomogeneous strain distribution to the intrinsic broadening
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to individual emission peaks. Various structural features have been identified to factor into
the overall emission rate, including the presence of the GaN or Al-rich AlGaN surface pas-
sivating shells, and basal plane stacking faults and the related zinc-blende insertions within
the active region. The passivating shell positively impacts that lateral carrier confinement
in QDs and suppresses non-radiative recombination at the nanowire surface. The enhanced
carrier confinement becomes especially evident with the addition of Al into the barrier layers
in the InGaN/AlGaN dot-in-a-wire structures. On the other hand, I;-type stacking faults
and zinc-blende insertions can be pinpointed to specific InGaN QDs that exhibit locally
quenched CL intensity. Furthermore, evidence for the presence of polarization fields was
revealed in the single and multiple InGaN/GaN heterostructures from excitation density de-
pendent non-linearities, which were inferred from an observed proximity-related blue-shift in
peak emission energy. Finally, the built-in potential within these N-face polar InGaN/GaN
p-i-n light-emitting diode (LED) structures has adverse effects on the hole drift, which limits
the spatial resolution of STEM-CL technique on the current nanostructures.

On the second topic of AlGaN nanowires in Chapter 5, significant compositional undula-
tions of varying nature and spatial scales down to single atomic planes have been exacerbated
by differences in Ga- and Al-adatom diffusion during nanowire growth. The alloy inhomo-
geneity appears to be dominated by Al-adatoms in the presence of excess active nitrogen
and impacts the high Al-composition regime. It should also be emphasized that doping im-
purities, in particular Mg-dopants, can strongly modify the surface energy that altered the
Ga-enrichment to along c-planes in the p-AlGaN segment. The compositional fluctuations
in AlGaN give rise to a high spectral density of sharp emission lines that demonstrate carrier
localization in the presence of energy band fluctuations. Most notable is the dominance of
distinct emission bands correspond to specific types of the compositional fluctuations, includ-
ing the shortest wavelengths at the c-plane variant and emitting strongest in a lower-energy

band at the semi-polar plane variant.

Outlook Looking ahead at some relevant topics and questions that could become of in-
terest for future studies. The investigation of InGaN/GaN nanowires has revealed sufficient
nanowire-to-nanowire scatter in the emission characteristics. While this work on short-
period InGaN/GaN nanowire heterostructures has not solved the issue of controlling the
indium incorporation, it has demonstrated the significance of the three-dimensional strain
relaxation and how that influences with local composition and the expected piezoelectric
polarization. These attributes were instead employed to produce the broad emission nec-
essary for phosphor-free white light-emitting diodes without any need for down-conversion

[11, 19, 41]. The variability in nanowire spacing, diameter, length, and composition control
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for self-organized nanowire growth makes the achievement of large area uniformity difficult.
Templated selective area growth could be more a suitable alternative to achieve uniformity
within nanowire ensembles.

Significant interest has been generated in recent years to realize III-N semiconductor
quantum dots as reliable single photon emitters operable at room-temperature for future
quantum information applications [203, ]. The enhanced hole localization expected at
atomically-ordered InGaN alloys [89] could offer the carrier confinement needed to sustain
excitons up to room-temperature. It has yet to be confirmed whether the ordered InGaN
quantum dot nanowires continues to mimic a two-level atom-like emission behaviour.

Due to the kinetic nature of the process governing the spontaneous formation of the
nano- and atomic-scale compositional fluctuations in the AlGaN nanowires, growth param-
eters can be optimized to further exploit the alloy inhomogeneity and the associated carrier
localization. Thereby, it provides another approach to obtain high-efficiency luminescence at
emission wavelengths deeper into the ultraviolet spectral range for application as electrically-
injected lasers and LEDs operating at room-temperature. Additionally, the Ga-rich/Al-rich
AlGaN atomic-layers embody the appropriate strain-state and quantum confinement to be
able to engineer the emission polarization to achieve the more desirable TE polarization
(ELc) towards high Al-content [221].
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Appendix A

Examples of Other Related
III-Nitride Nanowires

A.1 Low-Temperature InGaN Nanowire Growth

In,Ga;_,N nanowire photoelectrodes with high indium composition of z = 0.5 to have op-
timal conduction band minimum and valence band maximum for water splitting have also
been developed. Typical nitrogen-rich growth conditions, such as those used to produce
InGaN/GaN dot-in-a-wire structures from Chapters 2 to 4, promotes such InGaN nanowire
to form spontaneously InGaN/GaN core-shell structures with nanometers-thick GaN shell
due to the higher surface desorption rate of In than that of Ga. As demonstrated in Chap-
ter 4, the presence of a higher bandgap GaN shell is beneficial against non-radiative surface
recombintation for emitters. However, it is detrimental to the photocatalytic activity of
nanowires as photoanode because of the poor extraction of minority carriers. Instead, near
unity V/IIT flux ratio together with a low substrate temperature (520 °C) can be used to en-
hance In-incorporation while suppressing the aforementioned strain-induced In-segregation
at the core. The growth temperature of 520 °C is lower than the dissociation temperature
of In-N bond (~550 °C), leading to relatively low In-volatility. While the V/III ratio ~ 1
eliminates the formation of a GaN shell in nanowires due to decreased surface desorption
of In. As a consequence, the modified growth conditions demonstrated significant impact
on the structural, optical and photoelectrochemical properties of InGaN nanowires [265].
Nanowire diameters are increased up to ~300 nm, and surface texturing, which increases
the effective surface area, is prevalent on the nanowire sidewalls.
Structural properties of the temperature and nitrogen-flow reduced grown InGaN nanowires

were studied by aberration-corrected scanning transmission electron microscopy (STEM).
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The STEM high-angle annular dark-field (STEM-HAADF) image of an InGaN nanowire
is shown in Figure A.1(a). Elemental mapping over the nanowire by EELS was further
performed and the indium composition was quantified according to the methods described
in Chapter 2. The indium-content map (normalized to thickness in projection) displayed
in pseudocolour in Figure A.1(b) shows similar variations as the STEM-HAADF image in
Figure A.1(a), indicating the absence of an InGaN/GaN core-shell structure. Also from
Figure A.1(b), the average indium composition is estimated as ~50% within the bulk of
the nanowire. While there are some deviations towards the nanowire surface, the indium

composition locally remains high at ~30% close to the surface.

<4— Growth Direction

Figure A.1: (a) STEM-HAADF of an InGaN nanowire viewed along (1210) zone-axis, showing evidence of
contrast at sidewalls due to the strong surface texturing. (b) The thickness-projected indium-content map
derived using STEM-EELS spectrum imaging, displayed in pseudocolour, indicative of relatively uniform
distribution of indium in the nanowire (~50% in the bulk, ~30% at the near-surface region). (c)—(e) High-
magnification images of the regions in the (c) green and (d) red dashed boxes from (a), and in (e) the blue
dashed box area in (d), highlighting the presence of atomic ordering along c-axis direction on the bottom
surface of the nanowire in (d,e). Additional inset in (e) shows the image’s fast-Fourier transform (FFT)
confirming various crystallographic directions.

Some instances of compositional fluctuations are evident, such as the atomic ordering (al-
ternating indium-rich /gallium-rich c-planes) prominent on one side of the InGaN nanowire
in Figures A.1(d) and A.1(e), or resemblance of phase segregation at the top sidewall in Fig-
ure A.1(c). The coexistence of such nanoscale phase separation processes in a single nanowire,

while remaining spatially isolated, suggests that the driving force promoting atomic order-
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ing indeed simultaneously suppresses phase separation [162] discussed in Chapter 3. Tt is
also noteworthy to mention that the nanowire presented in Figure A.1(a) has a growth axis
along (1011), as shown in the image’s FFT in the inset of Figure A.1(e). A majority of
other nanowires examined in STEM also exhibit a non-c-plane growth axis (such as (1012)
or (1010)). This is in agreement with the high-resolution X-ray diffraction 6/20 scan (not
shown) that exhibits (102) and (203) peaks in addition to the (002) and (004) basal plane

reflections of wurtzite-structured InGalN.

A.2 Nitrogen-Rich Flux AIN Nanowire Growth

AIN nanowires grown on GaN nanowire templates using similar growth temperatures (800 —
900 °C) and typical nitrogen-rich flux (1.0 sccm) as Sample A and B AlGaN nanowires from
Chapter 5 have also been investigated. Figures A.2(a) and A.2(e) show low-magnification
STEM-HAADF images of two separate nanowires viewed along m- and a-plane orientations,
respectively. The macroscopic shape of the AIN/GaN nanowires grown under nitrogen-rich
conditions in Figure A.2 was assessed based on the lateral projected shape from the inte-
grated profile of the Al-signal from EELS along both m- and a-plane views (Figures A.2(b)
and A.2(c)), as presented in Figure A.2(d) as the blue and red plots for the first nanowire,
respectively. The blue half-hexagon house-shaped profile viewing down m-plane orientation,
and red isoceles trapezoid-shaped profile viewing down a-plane orientation in Figure A.2(d)
are reversed from the expected outcome if assuming a m-plane terminated hexagonal cross-
section for the nanowire (such as from Figure A.3(d)). Also notable for the second AIN/GaN
nanowire in Figure A.2(e), is the difference in projected shape shown in Figure A.2(h) be-
tween the Al-signal from AIN segment and Ga-signal from the GaN bases from Figures A.2(f)
and A.2(g), respectively. Viewing along a-plane orientation, the GaN base exhibits a half-
hexagon house-shaped profile indicative of m-plane faceting, while the AIN exhibits the same
isoceles trapezoid-shaped profile as the red a-plane profile in Figure A.2(d). The lateral
projected shape from these two AIN/GaN nanowires is clearly indicative of a change from
m-plane faceting in the GaN nanowire template to a-plane faceting in the AIN segments.
Further evidence of the sidewall faceting is confirmed by a third AIN/GaN nanowire
viewed down c-plane orientation in Figure A.2(i). A high-magnification image of the bot-
tom vertex (marked in Figure A.2(i)) shown in Figure A.2(j) allows for visualization of the
atomic columns down [0001]. A corresponding FFT of the local area (inset in Figure A.2(j))
indexes the macroscopic facets to belong to the {1120} a-plane family. The macroscopic
faceting deduced from the STEM observations along the three orientations (two non-polar

and one polar) is demonstrated schematically viewed down the c-plane as the thick solid
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Figure A.2: AIN/GaN nanowires grown under typical nitrogen-rich conditions (1.0 sccm flow rate). (a) A
low-magnification STEM-HAADF image of a nanowire viewed along (1100) zone-axis, (b, ¢) EELS maps
generated using the Al Lo 3-edge for the Al-distribution when viewing along (b) m-plane, and (c) a-plane
orientation, and (d) the corresponding integrated line profiles of the Al-signal colour-coded according to
their marked regions. (e) A low-magnification STEM-HAADF image of a second nanowire viewed along
(1120) zone-axis, (f, g) EELS maps from Al K and Ga L 3-edges showing the elemental distribution of
Al and Ga at the interfacial region, and (h) the corresponding integrated line profiles of the Al (red) and
Ga (green) signals from the marked regions. (i) c-plane orientation view of another nanowire of the same
sample, seen at high-magnification in (j) showing clear a-plane termination at the sidewall surfaces. Inset
in (j) is the FFT confirming various crystallographic directions. (k) Schematic illustration of the c-plane
view of the nanowire, depicting the macroscopic faceting (thick solid black hexagonal outline) from (i, j),
and a wurtzite unit cell of GaN bound by m-plane surfaces (dashed black line).

black hexagonal outline in Figure A.2(k) overlaying the atomic-structure model. A wurtzite
unit cell of GaN (dashed black hexagon) viewed down the c-plane with m-plane faces is also
outlined within the atomic-structure model for comparison in Figure A.2(k). It is important
to note the 30° relative rotation between the unit cell and the macroscopic shape/facets
determined from experimental results, which is identical to the relationship observed in the

high Al-concentration AlGaN nanowires (Sample B) from Section 5.4.2.1.
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A.3 Low Nitrogen-Flow AlGaN Nanowire Growth

An alternative I1I-N nanowire growth regime of low nitrogen flow rate (approaching close to
V/III =~ 1) was more recently proposed to enhance the surface migration of Al adatoms and
thus the uniformity of Al/Ga compositional distribution [266]. Shown in Figure A.3(a) is
a low-magnification STEM-HAADF image of a single AlGaN/GaN nanowire grown with a
nitrogen flow rate of 0.4 sccm and a substrate temperature of 950 °C. It is seen that AlGaN
nanowire segment (darker region) is grown on GaN nanowire template (brighter region). The
corresponding colour-coded EELS elemental mapping shown in Figure A.3(b) highlights the
Ga (red) and Al (blue) distributions within the nanowire. A sharp GaN/AlGaN interface is
also measured, indicating the superior crystalline quality of the AlGaN nanowire segment.
Figure A.3(c) shows a high-resolution STEM-HAADF image near the top region of the Al-
GaN nanowire shown in Figure A.3(a). It is seen that the AlGaN segment exhibits relatively
homogeneous image intensity, indicative of relatively uniform Al distribution, including the
absence of an Al-rich shell.

The macroscopic shape of the high Al-content AlGaN nanowire grown under nitrogen-
reduced conditions in Figure A.3(a) was assessed based on the lateral projected shape from
the integrated HAADF intensity profile along its m-plane orientation, as presented in Fig-
ure A.3(d). HAADF image intensity increases monotonically with thickness, such that the
shape of the HAADF intensity profile reflects the projected cross-sectional thickness. The
blue isoceles trapezoid-shaped profile viewing down (1100) zone-axis in Figure A.3(d) match
the expected outcome of a m-plane terminated hexagonal cross-section for the nanowire. Fur-
thermore, the sidewall faceting is confirmed by another nitrogen-reduced AlGaN nanowire
nanowire viewed down c-plane orientation in Figure A.3(e). An atomically-resolved image of
the top-right region (marked in Figure A.3(e)) shown in Figure A.3(f) and the corresponding
FFT of the local area (inset in Figure A.3(f)) indexes the macroscopic facets belong instead
to the {1100} m-plane family. Similar to before, the macroscopic faceting is illustrated
schematically according to the STEM observations, presented as the thick solid black hexag-
onal outline in Figure A.3(g) overlaying the atomic-structure model viewing along [0001],
together with a wurtzite unit cell of GaN (dashed black hexagon) with m-plane faces. For
the nitrogen-reduced AlGaN nanowires, the unit cell and the determined macroscopic facets
have outlines that are concentric, and therefore m-plane surface facets are confirmed.

(Al,In)GaN nanowires are typically grown under nitrogen-rich conditions, which has been
described as a fundamental component for achieving disparity between axial to radial growth
rates. As early as during the nucleation stage for catalyst-free growth, the usual excess of

active nitrogen reduces the mobility of adsorbed group III species on the substrate surface
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Figure A.3: GaN/AlGaN nanowires grown with a low nitrogen flow rate (0.4 sccm). (a) A low-
magnification STEM-HAADF image of a nanowire viewed along (1100), and (b) the corresponding colour-
coded EELS maps showing the elemental distribution of Ga and Al in red and blue, respectively. (c) A
high-resolution image taken from the AlGaN segment marked in (a), highlighting the relatively uniform Al
distribution. The thin bright band is the p-GaN contact layer. (d) HAADF intensity profile for the m-plane
orientation view of the AlGaN segment from the nanowire in (a). (e) c-plane orientation view of the same
sample, seen at high-magnification in (f) showing clear m-plane termination at the sidewall surfaces. Inset
in (f) is the FFT confirming various crystallographic directions. (g) Schematic illustration of the c-plane
view of the nanowire, depicting the macroscopic faceting (thick solid black hexagonal outline) from (e, f),
and a wurtzite unit cell of GaN bound by m-plane surfaces (dashed black line).

[255]. At the same time, the elevated growth temperatures provide sufficient enhancement
for adatom migration along nanowire sidewalls towards the axial growth front, in particular
the Al-adatoms [256]. This is evidenced by the lack of a Al-rich core-shell structure, as well

as m-plane sidewall facets for AlGaN nanowires grown using with reduced-nitrogen.
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