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Abstract

This thesis presents research on the characterisation of group IlI-nitrides using
scanning electron microscope (SEM) techniques. In particular structural and
morphological properties were investigated by electron channelling contrast imaging
(ECCI) and electron backscatter diffraction (EBSD). ECCI reveals threading
dislocations (TDs), sub-grains, atomic steps and step bunches in the material under

study, while EBSD provides quantitative data on sub-grain misorientation.

ECCI was also correlated with atomic force microscopy (AFM) to reveal and identify
TDs in an epitaxially laterally overgrown GaN film, where the pattern for overgrowth
comprised of stripes parallel to the GaN [1100] direction. ECCI revealed both
vertically threading and inclined dislocations. Each dislocation was identified, using
complementary information provided by AFM and ECCI, as either a-type or c/(a+c)-

type dislocations.

To extend ECCI to the study of insulating samples, ECCI micrographs were acquired
in a variable pressure scanning electron microscope (VP-SEM) at pressures ranging
from 0.3 mbar to 0.8 mbar using gaseous secondary electron detectors (GSEDs). ECCI
micrographs are produced by detecting a gas-amplified secondary electron signal,
indicating that the intensity of the detected secondary electrons is modulated as a result
of diffraction of the incident electron beam. The influence of pressure, detector bias,
sample tilt and working distance on the quality of ECCI micrographs were
investigated.

Aluminum nitride (AIN) samples grown on nano-patterned (nano-pillars) sapphire
substrate (nPSS) were investigated. The miscut of the substrate and the size of the
nano-pillars were shown to influence the surface morphology and TD density. The
analysis of these AIN/nPSS samples showed a dependence of the density of step
bunches with the density of TDs, the higher the density of step bunches, the lower the
TD density. EBSD was used to measure the misorientations of sub-grains in the
AIN/nPSS and the misorientation was observed to increase as the density of TDs

increased.
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Chapter 1

Introduction

The most prominent event of 2020 has been the COVID-19 pandemic. This virus has
led the whole world to focus on sterilization and handwashing. Handwashing, a
potentially life-saving practice, is a privilege in countries without access to clean water
sources (tap water or safe well water). In places that lack clean water, hand washing is
not a priority. In developing countries, home water filters can be placed at the water
source to ensure safe drinking water.

According to the World Health Organisation (WHO) [1], as of 2019, there were two
billion people drinking contaminated water by faeces and 435 million people using
water from unprotected wells, surface water and spring sources. Several potentially
life-threatening diseases are transmitted by contaminated water including diarrhoea,
cholera, dysentery, typhoid, and polio. Each year around 485,000 people die from
cases of diarrhoea that are linked to contaminated water sources. The lack of clean
water is leading to reinfection from diarrhoea related illnesses. During the COVID-19
pandemic, failure to wash hands has led to the spread of the virus. In affected countries
this puts health care providers at risk of infection by these diseases from their patients
in the absence of hygiene services. Around 15% of patients get infected during their
staying at the hospital. [1, 2]

Climate change and the related growth in worldwide population means that most of
the earth’s population will live in water stressed regions by 2025. [1] Finding
alternative strategies for recycling waste water with adequate sterilization will be
crucial to the health of billions of people. This water can then be used for irrigation
which will increase food production. This would mark an improvement to the current
situation where countries are using wastewater for irrigation. In some countries,

agricultural land irrigated by waster water represents 7% of irrigated land. [1]
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The most common technique used for water purification is exposure to UV light which
is effective at destroying the DNA or RNA of the most common bacteria found in
water by making them unable to reproduce. [3] A dose of UV radiation as low as 40
mJ cm~2 is enough to inactivate most bacteria, spores and viruses. [3]

A conventional source of UV light is the mercury lamp which today is recognized as
unfriendly to the environment as it is energy consuming and contains mercury gas, a
known toxic gas. It emits UV light at a wavelength of 254 nm. While mercury lamps
are known to kill pathogens, there are many disadvantages associated with their use,
including their size, fragility, start-up time, emission wavelengths and toxic
components. An alternative source for water sterilization is UV-LEDs based on Il1-
nitrides. There are numerous advantages to using group-IlI-nitride-based UV LEDs
which operate at moderate dc voltages, have long lifetimes and are environmentally
friendly. In addition, their emission wavelength can be engineered by varying the
material composition. UV LEDs are used in a number of applications that require UV
curing, like coatings, inks, adhesives, composites and stereolithography while
ultraviolet-C (UV-C) light emitting diodes (LEDs) are used for water disinfection.
The advantage of UV-LEDs, in comparison to traditional disinfection sources, is a

reduction in energy consumption and heat generation.

UV-LEDs are also used for skin treatments and by dentists to disinfect their tools.
Despite these advantages, UV-LEDs still suffer a numbers of drawbacks. UV-LEDs
grown on GaN/sapphire [4] or AIN/sapphire templates have a high density of threading
dislocations due to lattice mismatch between the substrate and epilayer (GaN or AIN).
Those defects act as non-radiative recombination centres which negatively affect the
internal and external efficiencies of UV-LEDs and degrade their output power. These
defects can be examined in AIN using scanning electron microscope techniques such
as electron channelling contrast imaging ECCI and electron backscattered diffraction
EBSD.

Researchers in academia and industry are trying to overcome these limitations and
enhance the properties of UV-LEDs. One direction used to improve the properties is
revising growth techniques to ensure a high quality of material with low TDs density.

Another direction is the improvement and development of post-fabrication
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investigative techniques. This thesis is my contribution to the field of Ill-nitride
characterisation for semiconductors destined for use in deep UV-LEDs.

In the present thesis, the scanning electron microscope (SEM) techniques of electron
channelling contrast imaging (ECCI) and electron backscattered diffraction (EBSD)
are used to investigate the structural properties of a range of UV-emitting nitrides
(GaN and AIN). UV materials present challenges in that their wide bandgap means
that they can be electrically insulating and thus charge under the electron beam. Future
chapters will reveal the development of new methodologies to mitigate charging of
insulating samples.

Chapter 1 is the introduction chapter that demonstrate the motivations behind this
thesis. In addition it provides the overview of all chapters that in this thesis.

Chapter 2, provides an overview on IlI-nitride materials, summarising their structural
and optical properties and outlining their applications. The main growth methods are
introduced as are the substrates utilised to produce heteroepitaxial I11-nitride thin films.
Structural defects which can exist in crystalline materials are described, in particular
threading dislocations (TDs). These are discussed further throughout this thesis. The
advanced growth methods used to reduce TD density are also reviewed. Finally, the
standard characterisation techniques commonly used to study the structural properties
and defects in crystalline materials, such as transmission electron microscopy (TEM),
Cathodoluminescence spectroscopy (CL), and X-ray diffraction are briefly presented.
Chapter 3 provides an overview of the two microscopy techniques, atomic force
microscopy (AFM) and scanning electron microscopy (SEM) used to investigate I11-
nitrides in this thesis. The SEM techniques of electron channelling contrast imaging
(ECCI) and electron backscatter diffraction (EBSD) are also introduced as they are
used to study the structural properties of the materials investigated.

In chapter 4, | report the study of a GaN sample grown using the epitaxial lateral
overgrowth technique. In this chapter | combine two major characterization
techniques, namely atomic force microscopy AFM and electron channelling contrast
imaging ECCI to investigate the material and explore the behaviour of defects.

In chapter 5, | describe and demonstrate the use of ECCI in a gaseous environment and
the use of a gaseous detector, off-axis gaseous secondary electron detector (off-axis

GSED), to acquired ECCI micrographs. Imaging in a gaseous environment radically
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reduces charging of insulating samples and has opened up the use of ECCI to the
characterisation of AIN.

In chapter 6 “Characterization of AIN/nPSS thin films by SEM”, I present results on
AIN grown on nano-patterned sapphire substrates (nPSS) and show the influence of
the substrate miscut angle on the structural properties (e. g. density of TDs, step
bunches density, and mis-orientation angles) of AIN layers. I also discuss the influence
of the pattern configuration on the structural properties of AIN samples.

Chapter 7 presents conclusions on this thesis which used electron channelling contrast
imaging (ECCI), electron backscatter diffraction (EBSD) and atomic force microscopy
(AFM) to study GaN and AIN samples. Research on ELOG GaN showed the ability
of ECCI to resolve inclined dislocations. To examine insulating samples such AIN a
gaseous secondary detector was used to obtain ECCI micrographs instead of a
traditional backscattered detector. This technique was applied to four AIN samples as
a proof of concept. Finally, AIN/nPSS thin films were studied. Also, it provides the

future experimental work as extension for the present thesis.
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Chapter 2

Background

In this chapter | provide an overview on Ill-nitride materials, summarising their
structural and optical properties and outlining their applications. | describe the main
growth methods and the substrates utilised to produce heteroepitaxial I11-nitride thin
films. | introduce the structural defects which can exist in crystalline materials, in
particular threading dislocations (TDs) which are the main defects investigated in this
thesis. The advanced growth methods used to reduce TD density are also reviewed.
Finally, the standard characterisation techniques used in the study of the structural
properties and defects in crystalline materials, that is transmission electron microscopy
(TEM), Cathodoluminescence (CL), and X-ray diffraction (XRD) are briefly
described. The characterisation techniques used in my research, that is the scanning
electron microscopy techniques of electron channelling contrast imaging and electron
backscatter diffraction; and atomic force microscopy, will be described in detail in the

next chapter.

2.1 Properties of I11-nitrides:

I11-nitrides refers to the compounds which form from elements from group I11 of the
periodic table (Ga, Al, In) and nitrogen to produce InN, GaN and AIN alloys. Their
bandgaps cover the spectrum from the ultraviolet region, 6.2 eV (200 nm) for AIN, to
the infrared region, 0.7 eV (1771 nm) for InN and thus cover the full visible spectrum.
Figure 2.1 illustrates the relationship between the lattice constant and the bandgap
energy. Numerous applications require the ternary alloys, for example, AlGaN,
InGaN, AlInN, and even the quaternary AlinGaN. Their bandgap energy is tuneable

depending upon the composition of In, Ga or Al in the alloy system. [5]
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Figure 2. 1: Bandgap energy (Eg) versus lattice constant (a) of wurtzite I11-nitrides

c~1.6 a. [6] ,The figure is adapted from [7, 8]

2.1.1 The crystal structure:

I11-nitrides can be formed in two main structures; wurtzite (hexagonal) and zincblende
(cubic), however, under high pressure during the growth and the use of a suitable
substrate, the rock salt (NaCl) structure can also be achieved. Thermodynamically, the
wurtzite structure is the most stable structure for AIN, GaN and InN, while the
zincblende is classified as a metastable structure.[9]

In the present work, the wurtzite structure is the main focus. The wurtzite structure is
the hexagonal lattice which contains two hexagonal closed pack of elements in group
I11 (red sphere ) and N atoms (blue sphere) see figure 2.2.a. Each group Il atom is
surrounded by four atoms of nitrogen and reciprocally, each nitrogen atom is
surrounded by four atoms of the group 111 atoms. The stacking sequence of the wurtzite
structure along c- axis is ABAB see figure 2.2.a.

The hexagonal lattice is described by four main axes. Three axes lie in the basal planes
a1, a2 and az with an angle between them of 120° and the c axis is normal to the basal
plane and denoted by [0001]. Any point in the lattice can be represented by four indices
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[hkil] where hki are the intercept of the points with the basal planes axes and | is the
intercept with the c-plane. Four main planes are important in the wurtzite Il11-nitride
crystals; c-plane (0001), a-plane (1120), m-plane (1100) and r-plane (1122).There are
two main lattice constants parameters; a and c, where a is the length of the sides of the
hexagon in the basal plane and c is the height of the hexagon (see figure 2.2.a). The
lattice parameters for GaN and AIN are listed in Table. 2.1.

Due to the strong chemical bond in IlI-nitrides (covalent bond) they have a high
melting point which means that the Il1-nitride materials have thermal and chemical

stability in addition to mechanical strength. [10]

(b)
c-plane r-plane
m-plane a-vlane
B P
A
c-plane/(0001) r-plane /(11-22)
m-plane/(1-100) a-plane/(11-20)

Figure 2. 2: a) The wurtzite structure of AIN, GaN and InN at room temperature
adapted from [11], b) Illustrates the planes of the wurtzite crystal c-plane (0001), a-
plane (1120), m-plane (1100) and r-plane (1122).
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2.1.2 The optical properties:

LED lighting (solid-state lighting) now dominates the lighting market, it has created a
notable revolution in the lighting market since the beginning of this century. Globally,
it achieved 63 billion dollars in 2018 and possibly will be worth around 127 billion
dollars by 2023. The direct and wide bandgap makes Ill-nitrides materials good
candidates for optical applications.[12]

Any semiconductor material has two types of charge carriers: electrons and holes. In
general, the electrons are located within the conduction band while the holes are
located within the valence band. The emission of light in direct bandgap
semiconductor materials occurs after direct recombination, when an electron from
the conduction band meets a hole from the valence band. In semiconductor materials
which contain a low concentration of defects, band to band recombination dominates
figure 2.3.a. Electrons and holes can be bound under the electrostatic Coulombic
force at room temperature (excitons) and this will lead to radiative recombination
see figure 2.3.b. Figure 2.3.c,d,e shows the radiative emission that can be achieved
through recombination of electron and holes at donor and acceptors states. In the
case of a high density of defects, considerable non-radiative recombination occurs.
Figure2.3.f shows the non-radiative recombination through a defect which induces an
energy level within the bandgap.[6] The optical properties of Il1-nitride thin films
can be obtained using cathodoluminescence (CL) or photoluminescence (PL)

techniques. [5]
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EC. . .

Figure 2. 3: Schematic shows the possible radiative and non-radiative recombination
in semiconductor materials. a. free electron-hole, b. free exciton, c. donor-hole, d.
acceptor-electron, e. donor-acceptor. f. nonradiative recombination via a defect.
Adapted from [6]

2.1.3 Applications of I11-nitrides:

As mentioned previously, the large and direct bandgap of Il1-nitrides makes them the
preferable candidate materials for electronic and optoelectronic applications. 1ll1-
nitrides led a significant revolution in the photonic industry via the production of light-
emitting diodes (LEDs), photodiodes, UV detectors, and laser diodes (LDs).
Nowadays, Ill-nitride can be seen widely in traffic lights, automobile lights,
illuminated advertisement panels, indicator lights, mobiles, TV screens and in general
lighting. Commercially, blue and green LEDs are widely spread.[9] Nitrides are also
used in the manufacture of electronic devices such as high-power/ high-frequency
field-effect transistors (FETSs) and high mobility electron transistor (HEMT). [8]

An important application relevant to this thesis is the considerable contribution of UV-
LEDs in the medical field such as in the medical diagnostics, UV treatment, and
medical tool sterilization. [3, 9] Recently, many reports show the ability of UV-LEDs
to eliminate COVID-19, either by being directed toward surfaces, tools, foods. Also,

the use of UV-LEDs in the water purification is a mature process nowadays.[3]
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It is worth mentioning that a lot of work has been carried out recently on the use of I11-
nitrides in the domain of nuclear detection, gas detection and on thermo-dynamical
devices to transfer the waste energy to electrical power. The low bandgap energy of
INN makes it ideal for the solar cells manufactured in combination with GaN to

produce ternary InGaN where cover the band energy from 0.7eV to 3.5 eV. [8, 9, 13]

2.2 Growth methods for Il1-nitrides:

In 1907 AIN was reported and three years later, InN was synthesised and became
available.[14] In the 1930s, the first polycrystalline gallium nitride (GaN) was
produced using a chemical process analogous to molecular-beam epitaxy (MBE).[15]
The growth of Ill-nitrides is commonly performed on foreign substrates
(heteroepitaxy) unlike conventional I11-V semiconductors such as GaAs and InP,
which are always grown on a native substrate (homoepitaxy). This is due to the
difficulty of producing bulk nitride crystals.[15]. In the case of heteroepitaxy, the
lattice mismatch between the nitride layer and the foreign substrate and the difference
in thermal coefficient, are contributing to a huge number of extended defects in the
material such as threading dislocations (TDs).

Numerous growth techniques are used to grow epitaxial I11-nitrides thin films. For the
sake of simplicity, I will only discuss three main techniques; metalorganic vapour
phase epitaxy (MOVPE), molecular beam epitaxy (MBE) and hydride vapour phase
epitaxy (HVPE). MOVPE and HVPE are the growth methods which were used to

produce the samples studied in this thesis.

2.2.1 Molecular beam epitaxy (MBE):

The basis of molecular beam epitaxy (MBE) is the reaction of atomic beams on a
heated substrate. The group Ill-elements are provided from metal sources, while the
nitrogen is supplied to the reactor in a gas source, where they react on a heated
substrates surface. The requirements for this technique are an ultra-high vacuum
reactor and a high temperature but much less than in the MOVPE technique. In
comparison to other techniques, MBE is expensive, and the growth rate is very low
(=1um/hr). [15]
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2.2.2 Metalorganic vapour phase epitaxy (MOVPE):

The metal-organic vapour-phase epitaxy (MOVPE) method is widely used to fabricate
I11-nitride devices, like LEDs, LDs and transistors. It started being used in the 1960s.
[16]

In general, the source of nitrogen in this process is NH3 and the source for Ga, Al and
In is Trimethyl-(Gallium, Aluminium, Indium) (Ga, Al, In (CHzs)3 /(TM (Ga, Al, In)),
or Triethyl-(Gallium, Aluminium, Indium) (Ga, Al, In (C2Hs)3/ (TE (Ga, Al, In)). [17]
In the MOVPE reactor, the metalorganic vapours are transferred from bubblers by a
carrier gas Hz> or Nz to the heated substrate (800°C -1000°C) where the chemical

reaction between the compounds takes place as follows:

Ga(CH3)5 (vapour) + NH; — GaN (s) + 3CH,(vapour)(liquid)

This technique requires a high temperature and a very high flow rate of the sources
(V/111 ratio). Also, it requires a chamber designed to ensure no premature reactions
between the ammonia and the I11- group sources occur. The production of epitaxial
GaN requires a temperature of ~1050°C while for AIN is higher, = 1200°C. Lower
temperatures are required for material containing higher In concentration. (500 -
600°C). [7, 18]

The production of ternary compounds, for instance, AlGaN and InGaN, can be
achieved by combining TMAI or TMIn synchronously with TMGa as described in the

equation:

X(CH3)3 Al + (1 - X) (CH3)3Ga + NH3 - Alea(]. - X)N + b

Doping in the MOVPE reactor is possible using silicon (Si), Germanium (Ge) or
selenium (Se) for n-type doping and magnesium (Mg) or zinc (Zn) for p-type doping.
The most common compounds used for doping in MOVPE reactors are SiH4 and
CP2Mg for n-type and p-type respectively. Figure 2.4 is a schematic diagram showing
the basics of the MOVPE reactor. [17]
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Figure 2. 4 Schematic of the MOVPE reactor adapted from [17].

2.2.3 Hydride vapour phase epitaxy (HVPE):

The most attractive feature about this growth technique is the high growth rate which
Is approximately (1um/min) for a sample with a diameter of 2 inches with thicknesses
reaching several millimeters for GaN. [19] It is commonly used to produce high-
quality thick samples (free-standing) where the substrate on which it has been grown
is removed. Freestanding HVPE wafers can be used as a native substrate for Il1-
nitrides. In HVPE, the group V elements are supplied by hydrides (AsHz, NHjs etc.),
and the supply of the group Ill elements are chlorides such as GaCl, AICI etc. The
reactor contains two zones: a source zone and a growth zone.
The growth zone starts with the reaction of HCI gas fluxes over melting metallic Ga,
In and Al sources in the source zone at temperature 850°C:
HCl(g) + Ga(l) = GaCl(g)

On a heated substrate, the output GaCl will react with NHz gas in the growth zone with
a temperature of 950°C-1050°C by the following reaction:

GaCl (g) + NH5(g) — GaN (g) + HCl (g) + H,,
N> is used as a carrier gas for both HCI and NHs gas fluxes. [14, 17, 19] Figure 2.5
shows the schematic of the HVPE reactor:
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Figure 2. 5: Schematic of the basic idea of the HVPE reactor adapted from [17] .

2.2.4 Substrates

Substrates play a significant role in the field of semiconductor growth. The high quality
of semiconductor materials was obtained by growing on the native-substrates (eg.
GaN/GaN, AIN /AIN etc). It is worth noting that the performance of devices grown
on a native substrate is significantly better than those grown on foreign substrates.
The advantages of growing on native substrates are as follows;

I. Lower density of defects and a smooth surface.

ii. Good thermal conductivity.

iii. Good electrical conductivity and simple design. [19]
Despite all of these advantages, Ill-nitride bulk native substrates are not widely
available for homo-epitaxial growth due to the high prices of GaN and AIN substrates
and their limited size. As a consequence of this, researchers were forced to find
alternative substrates to grow Ill-nitrides and ensure a high quality of materials.
Numerous parameters are taken into consideration in choosing any substrate, such as
lattice constant mismatch, thermal expansion coefficient mismatch, thermal and
chemical stability, conductivity, the availability, cost and the wafer size.
The foreign substrates which are commonly used to grow Ill-nitrides are Al2Os3
(sapphire), Si and SiC. The mismatch in lattice constant and thermal expansion
coefficients between the substrate and the epilayer of IlI-nitride leads to critical

impacts on the quality of the grown device.
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Sapphire is widely used to grow Ill-nitride samples. Around 80% of the growth of
GaN is dominated by sapphire. All of the samples which have been studied to present
in this thesis were grown on sapphire. Sapphire substrates are commonly used due to
their wider availability, low cost and the fact that they are chemically and thermally

stable during the growth.

Lattice  Lattice  Thermal  Thermal Lattice Lattice
Materials constant constant expansion expansion mismatch mismatch
a(A°) c (A°) coefficient coefficient to GaN to AIN
Oa Oc (%0) (%0)
109K 107°[K™]

Al20s3 4758  12.991 7.5 8.5 14.8 125
6H-SIC  3.081  15.117 4.2 4.7 3.4 -0.96
Si 5.431 5.431 3.59 3.59 16.9 22.3
GaN 3.189 5.185 3.17 5.59 0 -2.4
AIN 3.111 4,982 S 4.2 -2.45 0

Table 2. 1: The properties of GaN, AIN and the foreign substrates utilized in the growth
of I11-nitride devices. [20, 21]

In 1969, the first GaN thin film on sapphire (0001) substrate was grown by Maruska
et al. in an HVPE reactor.[22] The growth of GaN directly on sapphire leads to
enormous issues in thin films such as cracks, bowing of the wafer, generation of
dislocations and stacking faults as a result of the lattice and thermal expansion
coefficients mismatch between two layers (= 14%) (see Table 2.1), which introduce
stress to the GaN epilayer. To eliminate this problem, Amano et. al.[23], reported a
high-quality GaN crystal with smooth surface morphology by depositing a thin buffer
layer of AIN between the substrate and the GaN to relax the strained epilayer in
MOVPE and MBE. The lattice mismatch between GaN and AIN is 2.45% (see Table
2.1).
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Nakamura reported for the first time (1991) high quality of a GaN thin film created by
utilizing a thin GaN buffer layer grown at a lower temperature (thickness ~ 20 nm).
The thin film had smooth morphology and a flat wafer. Below I briefly summarise the
process used to reduce the mismatch between a GaN layer and a substrate using either
AIN or GaN as a buffer layer. This is called the two-step growth process. [24]

First, the growth start on heated substrate of = 1050°, high temperature is required for
cleaning purpose. Then, the gas sources, Trimethylgallium (TMGa) is used as the Ga
source and and NHs gas is used as the source of N,were directed to the substrate at
lower temperatures between 450°C and 600°C to grow the GaN buffer layer (in the
case where AIN is desired as a buffer layer the trimethylaluminum (TMAI) is used as
the Al source instead of Trimethylgallium (TMGa)) with a thickness of no more than
120 nm. Finally, the growth temperature was increased to ~ 1030°C to continue the
growth of the GaN epilayer. Currently, the production of IllI-nitride based light-
emitting diodes (LEDSs) has been mainly done using sapphire substrates and using GaN
as a buffer layer. [15, 24, 25]
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2.3 Defects in Il1-nitrides:

As a result of heteroepitaxial growth of Ill-nitrides, the generation of defects is
inevitable during the growth. The presence of defects in nitrides have a detrimental
impact on the device performance. Thus, | will briefly review the defects in I11-nitrides,

which can be classified depending on their geometry in the crystal as follows:

2.3.1 Point defects

All crystals contain different kinds of defects which modify their structure from the
ideal one. Point defects can be associated with a vacancy, interstitial atom and
substitutional atom. A vacancy is produced when an atom is missing from its position
in the lattice. A pair of two vacancies is known as the Schottky defect. An interstitial
atom is an atom that localizes in a lattice position that should not contain any atom. A
defect pair comprising an interstitial and a vacancy is known as the Frenkel defect.
The balance of the charges in the crystal can be affected by a single point defect so
that pairs of defects can resolve this problem by neutralising the charge. There is also
an anti-site defect where an atom A is located in the B atom position. The substitutional
atom is an external atom that is introduced to the lattice it does not belong to and
replaces the original atom. [21, 26, 27] Figure 2.6 demonstrates all point defects types.

Substitutional .
Frenkel pair

(0_'::-.-'3“0 Schottky defect
‘ y

® -
vacancy /6

o

o

Interstitial

Anti-site

Figure 2. 6: Shows the various point defects that can be formed in a crystal adopted
from [27].



2.3.2 Line defect: threading dislocations (TDs)

The atomic arrangement deviates from the ideal shape under an external force leading
to dislocations. Dislocation is a line defect which can be described by two main vectors
u, the dislocation line, and b, the Burgers vector. In c-plane nitride semiconductors,
where growth is along < 0001>, the dominant dislocations are edge, screw and mixed

dislocations. For the edge dislocations u and b are perpendicular to each other and are
<0001> and % <1120> respectively. A dislocation with a Burgers vector of% <1120>

is also referred to as an a-type dislocation. For screw dislocations u and b are parallel

to each other and are <0001>. A dislocation with a Burgers vector of <0001> is also
referred to as a c-type dislocation. For mixed dislocations b= §<1123> and the

dislocation line is typically a few degrees from the <0001> direction, it can referred to
as (a+c)-type.[28] Advanced growth techniques used to reduce dislocations, for
example epitaxial lateral overgrowth (discussed in section 2.4) or silicon doping, can
lead to dislocations bending. [29] If an edge dislocation bends away from the [0001]
direction it can no longer be referred to as an edge dislocation, but as long as its
Burgers vector does not change it can still be referred to as an a-type dislocation.
Similarly if a screw dislocation bends away from the <0001> direction it can be no
longer referred to as a screw dislocation, but as long as its Burgers vector does not
change, it can still be referred to as a c-type dislocation. If two dislocations of opposite
Burgers vectors meet they will be eliminated.

An edge dislocation is introduced into the atomic structure by inserting a half plan to
the crystal see figure 2.7.a. A screw dislocation results when one side of the crystal is
sheared with respect to the other side (see figure 2.7.b). A mixed dislocation or (a+c)-
type is a combination of edge and screw dislocations, the dislocation line u and the
Burger vector b are neither perpendicular or parallel to each other with b= 1/3[1123].
Edge, screw, mixed dislocations can be threading dislocations. The definition of a
threading dislocation is one which cannot end inside the material, but threads up to the
free surface. [30] In the IlI-nitrides, threading dislocations TDs are introduced to the
crystal during the growth. The origin of TDs in Ill-nitrides is still not completely

understood. Many studies believe that TDs form at the coalescence boundaries of
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misoriented islands during film growth. This leads to a structure with sub-grains that
are tilted and twisted with respect to each other. The closely spaced arrays of TDs are
assumed to have formed at grain boundaries. [31, 32] Similarly, arrays of TDs can be
seen in coalescence areas in samples that are grown on patterned masks (selective area
growth/ELOG). [33] Other model believe that TDs form in the low temperature buffer
layer, followed by TD movement at higher temperatures. Research shows that the
highest (a +c)-type TD densities were found in the buffer layer, these decrease with

TD loop formation (helped by grains facets) and reaction producing a-type TDs. [34]

o 6 0 06 6 o o o

Figure 2. 7: a) Edge dislocation as an inserted half plan to the crystal and b) The screw
dislocation as the side of the crystal is sheared respect the other side in both images b

indicate to Burger vector adapted from [28].

2.3.3 Surface defects

Two-dimensional defects introduced to the crystal are known as surface or planar
defects, examples are grain boundaries and stacking faults. A fault in the stacking
sequence of bulk layers is known as a stacking fault. It is associated with an additional
(same or different type of the crystal material) or a missing layer. For example, if we
consider that the stacking sequence of a crystal to be ABABABAB, the stacking fault
is introduced as ABABBABA.[35]
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Low angle grain boundaries are interfacial surfaces located between two misaligned
grains. Arrays of aligned dislocations will lie along a grain boundary.[36] Where a low
angle boundary results from an in-plane rotation, edge dislocations will be aligned
along the boundary, where a low angle boundary is a result of an out-of-plane rotation,
then screw dislocations will be aligned along the boundary. The density of dislocations
will increase as the misalignment angle increases. [36, 37] Low angle grain boundaries
are common in IlI-nitrides.[38] For example, both low tilt and twist boundaries
measured to be 0.3° and 0.11° respectively, in the case of grown GaN using ELOG
method (ELOG is explained in the following section). [39]

Banal et al. [40] reported that the formation of the low angle grain boundaries in
AlN/sapphire sample raised at the initial stage of growth . In the absence of those
features, an enhancement in the light emission is achieved. These defects can be
eliminated by using the two-step growth method, which is described previously in
section 2.2.3. Figure 2.8 shows misorientated grains in different coloured arrows
which indicating to different orientation directions.

There is also a defect known as a volume defect or bulk defect. This defect is a 3D
defect as obvious from the name. It includes voids, cracks and foreign phases, that may

be introduced to the crystal during the growth process.[41]
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Figure 2. 8: The sub-grain boundaries with different coloured arrows represent the

different directions of grain orientation.

2.4 Reduction mechanisms of dislocations in I11-nitrides

The growth of Ill-nitride on foreign substrates leads to a high density of TDs with
densities range from ~108-10'! cm™. Since in nitride thin films dislocations have a
detrimental impact on the performance of the Ill-nitride based devices, significant
effort has been invested on improving the growth techniques to reduce TD densities.
Lee, K. and Auh, K. [42] estimated that the growth of thicker GaN samples leads to a
reduction in TDs density. For samples with a thickness of 3 um, 300 um,500 pm and
750 pm the density of TDs was estimated to be 9x10° cm2, 1x107 cm2, 5 x10% cm™,
and = 2 x10% cm respectively. However, increasing the thickness of a sample can
result in stress relaxation mechanisms such as cracking.[43, 44] Hence, the growth of
a thicker layer cannot always be a successful strategy, alternative techniques are

required.
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2.4.1 Epitaxial lateral overgrowth (ELOG)

Epitaxial lateral overgrowth (ELOG) is an advanced growth technique that can be
performed either in MOVPE or HVPE and achieves a considerable reduction in the
TD density (TDD). The basic idea of this technique is based on filtering TDs, reducing
their density in a certain area of the samples. In addition, it takes advantage of the
dislocations bending behavior on overgrowth, leading to the interaction and
annihilation of TDs with each other in ELOG samples. It was originally used in the
growth of conventional semiconductors material (GaAs). [45] Then, Kato et al. were
the first to propose this technology to the field of IlI-nitrides growth, by growth by
selective epitaxy of GaN on a sapphire substrate by MOVPE. [28] The first successful
application of this technology in Ill-nitrides was by Nakamura et al.[46] He was able
to produce a blue laser with a lifetime greater than 10000h using an ELOG substrate.
For standard growth of GaN on sapphire TDD are typically around 6x10® cm2whereas
for ELOG, the TDD is estimated to be 5 x 10° cm™2.[47]

The basics of this technique starts first with a thin layer of standard GaN which is
grown on a suitable substrate by MOVPE or HVPE as the nucleation layer. A dielectric
mask of SiO2 or SiNy is then deposited on the GaN layer and etched to make periodic
stripes (opened and closed regions) using photolithography. The periodic open and
closed areas are referred to as the window and wing regions respectively. Subsequent
growth results, ingrowth through the unmasked regions and lateral epitaxial
overgrowth extend over the mask. Dislocations under the mask cannot propagate into
the lateral epitaxial layer. Also, dislocations which pass through the window near the
edge of the mask bend about 90°(see figure 2.9) toward the basal plane and interact
with other bending dislocations and annihilate each other. Therefore, the wing region
has a lower density of TDs except those dislocations located on the coalescence
boundaries in the middle of the wing region. Consequently, the production of efficient
devices will be based on the wing regions, where the lower TDs density located.
Numerous factors are crucial in ELOG growth such the mask direction, size, and the
growth conditions (pressure, the temperature, and the time) and the utilized substrate.
[47] [28] For example, for the dielectric mask aligned along [1-100] the epilayer
morphology depends on the growth conditions. The morphology of the sample

changes from a rectangular shape to a pyramidal shape as a result of increasing the
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reactor pressure with a reduction of the growth temperature. While increasing the
growth time, the pyramidal shape dominates in the case of the mask oriented toward
[11-20], the initial morphology of the sample shows the formation of a pyramidal
shape independent of the growth conditions.

To achieve a full coalescence on samples epilayer by using ELOG method; we can
classify ELOG into one- step (1S-ELOG) or two- steps (2S-ELOG). In 1S-ELOG, the
growth conditions remain unchanged and the regrowth is completed in one step. In 2S-
ELOG, after starting the growth as in one-step, the growth conditions such
temperature, the pressure and the I11/V ratio to complete the regrowth process and
achieve the full coalescence across the sample surface. The 2S-ELOG can be also
achieved by depositing a dielectric mask above the previous opening area to prevent
the dislocations generated in this area from propagating to the sample epilayer. This
method is not favoured due to the cost and complexity.[28, 45, 47-49] Figure 2.9
illustrates the TD’s behaviour where the bending behaviour is the key to TDs reduction
in such a growth method.

mask

GaN seed layer

Figure 2. 9: Shows a schematic of the behaviour of TDs in ELOG process adapted
from [50].
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2.4.2 Nano patterned sapphire substrates (nPSS)

Nano-patterned sapphire substrates (nPSS) is an advanced technique derived from
ELOG and patterned sapphire substrates PSS (PSS). The basic idea of this technique
is the transfer of the desired pattern into the sapphire substrate rather than on the mask
as in ELOG (maskless technique). The first proposal of PSS in nanoscale level was in
2000 by Ashby et. al.[51], where he assumed the growth on sub-micron PSS will lead
to an improvement in the materials’ quality and enhance their electrical and optical
properties. Chen et. al.[52] demonstrated that nano-scale PSS (nPSS) provides a huge
reduction in TDs density compared to micro-scale PSS in the epitaxial growth of GaN.
The density of TDs for GaN grown on a conventional sapphire substrate is estimated
to be about 1x10° cm™2, while for the GaN grown on the nPSS, the density of the TDs
is estimated to be less than 1x107 cm2.[53] Recently, this technique has attracted a lot
of attention from the growers due to the capability of decreasing the density of TDs
which in turn enhance the light output power consequently producing high
performance of Il1-nitride-based devices (e.g. LEDS). [54-56]

The pattern configuration on the sapphire substrates surface can be holes, stripes, or
hexagons with nanometre dimensions. Starting with depositing some dielectric and
resists layers on a sapphire layer. Then, a metal layer deposited on the top and start
preparing the desirable patterned mask. Lift-off to create the metal nano dots pattern
on the IlI-nitrides layer. Final stage dry etching by chlorine transfer the nano pattern
to the I1I-nitride layer.[57]

Analogous to ELOG, this technique utilises bending of TDs as a TD reduction
mechanism. The propagation of TDs which arise at the IlI-nitride/sapphire interface
above the unetched area, then either propagate vertically or bend toward the voids
sidewalls for those which located near the voids and terminate there, see figure 2.10.
Also, dislocations arise in the coalescence zone surrounding grain boundaries. The
density of TDs is dependent on the area of the coalescence zone. TDs in nPSS
techniques can be classified depending on their behaviour during the growth and are
summarised in figure 2.10. The first category is the TDs (edge, screw or mixed) that
arise at the interface of the nitride thin films with the sapphire in the unetched region
due to the large lattice mismatch. The second class is those TDs that are located near

the void and tend to bend towards the void sidewalls by image forces [58] and
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terminate at the inner surface. This process contributes to the reduction of TDD in the
epilayer. The third class is those TDs that are generated as a result of the coalescence
and form grains with different orientations to each other. [58]

Table 2.2 lists the advantage of ELOG and nPSS growth processes and highlights their
differences with respect to the growth steps, cost, the residual mask, the TDs density,

and their availability.

-
nitrides
epilayer b

Figure 2. 10: Illustrates the behaviour of TDs in material grown on nPSS, a is the
vertical dislocation above the unetched region, b is the bending dislocation near the
voids toward the voids sidewall, and c is the dislocations at the coalescence zone,
adapted from [58].
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Items nPSS ELOG
Growth Single growth step More than two
without a mask growth processes and
the mask is essential

Cost Cost is cheaper Higher cost due
since the growth to multi-growth steps
time is short

Mask Maskless Contain a mask

TDs density Reach 108 cm™ It can achieve lower

than 107 cm

Availability Used in Used on GaN
GaN-LEDs Substrate of LDs

Advantage Increase IQE, LEE, Reduced TDs density
EQE and reduce TDs
density

Table 2. 2:Shows the comparison between the ELOG and nPSS on GaN.[47] [56]
[53]

2.4.3 The miscut substrate

The growth of IlI-nitride thin films on miscut substrates, deviation away from the
vertical direction ( in the case of sapphire [0001] direction) toward other direction, can
be used as a TDs reduction mechanism. Growth on miscut substrates can lead to a
significant impact on the sample morphology, the formation of step bunches is one
consequence, see figure 2.11. The step bunches is morphology features common in 111-
nitrides, contain bunches of monoatomic steps and are several monoatomic steps high.
[59, 60].

The reduction of the dislocation density in the presence of step bunches is discussed
in references [59, 61] where AIN and GaN samples were investigated using cross-
sectional TEM. It based on the mechanism of bending dislocations, similar to the

dislocation reduction mechanism discussed in previous sections 2.4.1 and 2.4.2.
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References 54 and 56 show that the step bunches introduce new free surfaces to the
growth, thus TDs tend to approach the nearest free surface or void. [62] When the free
surface and the image force of the side face is larger than the top face (growth
direction) this leads dislocations to bend and line up at the step bunches (confirmed
by the etching method image in ref.[63], as the dislocations lined up at the step
bunches) and in figure 6.4 in chapter 6. The image forces of faces (top or side) depend
on various conditions like the height of the step bunches and the side face orientations.
The reduction mechanism takes place when the inclined dislocations interact with the
vertical ones and either form dislocations loops, annihilate each other or forming a
new TD aligning at the step bunches see figure 2.11.

Increasing the miscut angle results in increasing of the step bunch density, or in other
words the distance between the step bunches is decreased. [64-68] The direction of the
miscut substrate influences the morphology of the sample. Shen et al. [67] found that
a miscut in the direction toward the a plane of the sapphire substrate resulted in step
bunches with a straight edge, also step bunches formed in GaN epilayer at the miscut
angle of 2° step bunches formed in GaN epilayer. Someya et al.[69] reported GaN
smooth surface morphology, which has grown on a sapphire substrate with offcut of
0.25° toward a plane. Also, in the case of the sample coalescence Kueller et al.[70]
reported that faster coalescence could be achieved in the case of ELOG AIN sample
grown on sapphire substrate with miscut of 0.25° toward the m plane compared the
one grown on the substrate with 0.25° miscut toward a plane. Also, Gunnar et al. [71]
demonstrated the influence of small changes in substrate miscut on the surface and the
optical properties of the AlGaN thin film. Two samples were investigated in their
study, sample A with 0.1° miscut angle of the substrate and sample B of 0.4° miscut

angle.
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Figure 2. 11: Schematic illustrates the mechanism of TDs reduction by their inclination
toward step bunches and interact with other vertical TDs to annihilate each other and

forming a dislocation loops.

2.5 Characterisation of structural properties

A wide range of techniques can be used to investigate structural defects such as TDs
and sub-grains in crystalline material. Diffraction is the main phenomenon that is used
in X-ray diffraction (XRD), transmission electron microscopy (TEM), electron
channelling contrast imaging (ECCI) and electron backscatter diffraction (EBSD).
Defects can also be investigated using atomic force microscope (AFM) and
cathodoluminescence (CL) imaging. Chemical pit etching techniques may also be
used, where chemical solutions are used to treat the surface of the sample, opening pits
where TDs are located. The sample can then be examined using AFM or the SEMto
image the pits and the TDs and their types can be identified. Here | provide an
overview of TEM, XRD, and CL. ECCI, EBSD, and AFM are the main techniques
used in this thesis and will be discussed in detail in chapter 3.
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1. Transmission electron microscope (TEM)

To date, the TEM is the best and most reliable technique used to identify threading
dislocations in IllI-nitrides. A thin sample (=100 nm- 1000 nm) and high electron
energy (=100 kV) are required to obtain a TEM image. It is worth noting that TEM
investigations can be either cross-sectional where the inner construction of the sample
can be investigated (cross-sectional TEM) or in plan-view geometry, by placing the
sample perpendicular to the incident e-beam (plan-view TEM). Both methods can be
used to reveal and identify TDs, Figure 2.12 shows TEM image from both methods.
The planes surrounding dislocations are distorted compared to those far away from the
location of dislocations. Under diffraction conditions, these can be seen in a TEM
image as a reduction in the signal intensity of the transmitted beam and thus
dislocations produce contrast.

The invisibility criteria (g . b =0) and (g . b x u = 0) are used to classify TDs types,
where g is the diffraction vector, b is the Burger vector and u is the dislocation line.
The basic principle of these criteria is that the sample is imaged under different
diffraction conditions where the type of dislocation will be visible under one condition
and invisible in another condition. The criterion will be achieved when the b and g are
perpendicular to each other and where the contrast will be maximized when g and b
are parallel to each other. In the case of an edge dislocation, both criteria should be
satisfied. In the case of a screw dislocation only (g . b) need be applied. For example,
in c-plane Il1-nitrides as mentioned before the Burgers vector b for edge dislocation is
1/3<1120> then the g vector (0002) fulfils the invisibility criteria for edge. In the case
of a screw dislocation(c-type) where b= <0001> then the g vector (1120) will meet the
invisibility criteria for screw. A mixed dislocation will be visible for conditions where
screw and edge dislocations are invisible. [36] [28] However, in the case of plane-view
TEM, these invisibility criteria cannot be met for c-plane Ill-nitrides as will be

discussed in next chapter (section 3.2).
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Figure 2. 12: a) Cross-sectional TEM image from GaN sample shows TDs appear as
vertical lines, the image is taken from ref. [61] , b) Plan-view TEM image from GaN
sample TDs appear as dots with black and white contrast, this image is from ref. [72].

Note both images are from different samples.
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2. Cathodoluminescence (CL)

This technique is based on the phenomenon of light emission as a result of the sample
excitation by the incident high energy electron beam. CL intensity is influenced by the
crystal composition, the structure as well as the surface morphology.[73] This
technique can be used with other complementary techniques (e.g. ECCI, AFM, etc.)
to explore the influence of structural properties and the surface morphology on the
light emission.

CL provide us with light emission information from the sample. Dislocations threading
up to the surface of the sample appear as black dots in the CL map as they centers of
non-radiative recombination. Figure 2.13 show a CL intensity map acquired from a
GaN sample with density of black dots (TDs) of around 5x10% cm™. [74] and the
spatial distribution of the defects through the sample can be determined. The CL
method is a reliable method used to image the optoelectronic devices on both the micro
and nanoscale with a spatial resolution of tens of nanometers. [75, 76] In comparison
to TEM, CL allow exploration of samples with the advantage of a large field of view

however, CL does not resolve TDs types .

CL
intensity

(sjunoo) Ayisusiul pajesbaju)

Figure 2. 13: Shows a CL intensity map from GaN sample from ref.[74].TDs appear

as black dots and their density estimated to be ~ 5x10% cm,
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3. X-ray diffraction (XRD)

X-ray diffraction XRD is a popular technique used in the field of Ill-nitride
characterization as it is useful for quantifying the presence of strain, dislocations,
misorientation, and composition. It is based on the phenomenon of elastic scattering
of X-rays by the atoms located within the periodic lattice of a crystal. As X-rays
generated from an X-ray cathode tube impinge on a sample, both the sample and the
X-ray detector are rotated to satisfy the Bragg condition nA=2d sin 0. Here n is an
integer known as the order of reflection, A is the wavelength of the X-ray, d is the
distance between the crystal planes of a given sample, and 0 is the angle between the
incident beam and the reflecting plane. At certain angles constructive interference
takes place and a peak in intensity occurs at the angle 26. The relationship between the
X-ray intensity versus 26 is shown as a plot of Gaussian peaks see figure 2.14 . The
measurement of crystal structure using the X-ray peaks is not straightforward as

dislocations in a crystal expand the width diffraction peaks. The density of dislocations

1
= 7 [77]
where D is the crystal size and its value calculated from Scherrer equation:
D kA
~ B cosb

Where A is the wave length , B is the width at half maximum (FWHM) see figure 2.14,
k is the shape factor its value = 0.9, and 0 the Bragg angle (peak position).

Many materials have distinguishing X-ray diffraction patterns; which helps users
identify samples of unknown composition. More about this technique found in
references[78, 79].
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Figure 2. 14: Shows the X-ray Gaussian peak at 20 and the width at half maximum

FWHM and the maximum intensity.
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Chapter 3

Methodology

This chapter provides an overview of two microscopies, atomic force microscopy
(AFM) and scanning electron microscopy (SEM), as they are the key techniques used
to investigate Ill-nitrides in this thesis. | will also describe the SEM techniques of
electron channelling contrast imaging (ECCI) and electron backscatter diffraction

(EBSD) used to characterise the structural properties of the materials investigated.

3.1 The principle and operation of scanning electron

microscope (SEM)

Electron Gun

Extraction electrode—:l__\/J

Accelerator electrode —» | : |

Instrument

Condenser Lens L, : console

Condenser Aperture —

Scanning Coils =

Objective Lens

BSE detector

X-ray detector

Electron beam
SE detecto r/ v

Sample holder

Vacuum pump

Figure 3. 1: Schematic diagram of the main parts of the scanning electron microscope.
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The first scanning electron microscope was built in the 1930s and became

commercially available in the 1940s. [80, 81] While visible light is the probe used in

optical microscopes, an accelerated electron beam is used for imaging materials in a

scanning electron microscope. The shorter wavelength of the electron means that a

scanning electron microscope can distinguish between very small features in a sample.

The resolution in an scanning electron microscope is significantly increased in

comparison to the light microscope, in a scanning electron microscope a resolution of

1 nm is achievable.[82]

Figure 3.1 illustrates the conventional scanning electron microscope components

which can be classified into two main parts [80, 82]:

1. the microscope column

The electron gun, which is located at the top of the scanning electron
microscope column, is used as the source of accelerated electrons with an
energy typically between 0.2 keV to 30 keV. Different types of guns are
used to produce an electron beam such as; the field-emission electron gun
(FEG) and thermionic electron gun. For high-resolution imaging a FEG is
used. A field emission gun, which is held under an ultra-high vacuum of
about 107 pa (~10° mbar), contains a cathode which is a tungsten wire
with a sharp tip on the order 10 nm in size. A high positive electric field is
applied to a metal plate (called the extraction electrode) placed below the
wire. As a result of this applied positive electric field, tunnelling occurs and
electrons are emitted from the tip. Electrons flow through a hole located at
the centre of the extraction electrode. By applying a positive voltage to
another electrode, known as the accelerator electrode, as shown in figure
3.1, the electrons will be accelerated to their final energy.

In the present work, the scanning electron microscope utilised a Schottky
field emission gun which is based on Schottky effect phenomenon. In this
gun, the extraction of electrons can be achieved by the combination of
thermionic emission and electric field. Applying an electric field to the
tungsten tip, which is coated with ZrO> layer, provides a reduction in the
electron work function that contribute to liberation of electrons from the
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heated tip. Such a gun is used for high-resolution measurements due to its
ability to provide a beam diameter on the sample surface as low as 1 nm.
ii.  The two types of electromagnetic lenses, the condenser and objective
lenses, are located below the electron source and are used to focus the path
of electrons down to the sample and control the electron beam diameter
together with the beam current. Thus a spot size of 1 nm can be achieved
as the lenses demagnify the emitted electrons’ beam crossover diameter,
iii.  The beam scanning process over the sample is carried out by pairs of beam
deflection coils that are mounted above the objective lens, see figure 3.1.
The focused beam passes through the coils which are used to deflect the
beam in the X and Y axes so it scans over a rectangle area of the sample in
a raster fashion.
iv.  Aseries of apertures are located between the lenses and are made of a thin
metal plate which has a small hole, see the schematic of an SEM in figure
3.1. The main function of the apertures is to control the number of electrons
that will reach the sample as well as controlling the convergence angle of
the beam to ensure that a focused beam reaches the sample.
v. Finally, located at the end of the microscope column is the sample
chamber, which contains the sample holder and signal detectors (X-ray,
SE, BSE detectors), as seen in figure 3.1. The chamber can be held under
high vacuum to reduce the electron-gas interaction or low vacuum (the
environmental SEM). When imaging insulating samples, the ions produced
from some gas in the chamber (typically water vapour or nitrogen), can
help to eliminate the charging effect. The chamber has a flexible sample
stage that can move in the X, Y and Z directions in addition to tilting T and
rotating R the sample. In high vacuum conditions, the sample chamber is
held around ~10~* Pa (~10® mbar). In low vacuum conditions the chamber
is held around ~1-2500 Pa (~ 0.01-26 mbar). [83]
In this thesis, two types of scanning electron microscopes have been utilised; an FEI
Quanta Schottky FEG 250, which can be operated at both high and low vacuum, and
an FEI Sirion 200 Schottky FEG—-SEM operated in high vacuum.
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2. The control system
The control system contains the electronics necessary to control the accelerating
voltage, the lenses, scan coils, one or more computer screens for monitoring and
displaying acquired images, an amplifier unit to amplify the generated signals
(secondary electrons SEs and backscattered electrons (BSEs) and a vacuum system
that ensure the pressures required for all parts of the SEM. Moreover, the
environmental SEM can be used in high vacuum mode or the low vacuum depend on
the examined material. The variable pressure SEM (low vacuum mode) is described

in detail in Chapter 5, where its application is a key main topic of discussion .

3.1.1 Electron-sample interaction

In the scanning electron microscope the incident high energy electrons bombard a
sample, and as a result, various signals are produced as demonstrated in figure 3.2.
Consequently, information on morphology, chemical composition, and the
microstructure of the material can be acquired.

Two main categories of interactions can be introduced in an SEM: elastic interactions

and inelastic interactions. When undergoing elastic interaction, an electron can be

scattered by the atoms’ electric field. Therefore, the electron alters its trajectory by an
angle @ while its kinetic energy is conserved. The probability of scattering P (@) is
proportional to the square of the atomic number (Z2) and inversely proportional to the
square of the incident electron energy (E2pg) as follows:

ZZ

[}
Ef cot?(3)

P(®) x (3.1)

Where @ is the scattering angle. This equation (3.1) is describing Rutherford scattering,
gives rise to the backscattered electron (BSE) signal. [80, 83]
In contrast, inelastic interaction implies a number of physical processes that all result

in electron energy loss. Here, the incident beam electrons lose a significant portion of
their kinetic energy which is transferred to the sample’s atoms, causing the ejection of
weakly bounded shallow electrons, which are referred to as secondary electrons (SE),
and tightly bounded inner shell electrons which result in characteristic (X-ray)
emission, Auger electron emission and cathodoluminescence (CL). Each one of these

generated signals can provide different information on the material. [80, 83]
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The generation of these signals depends on the interaction volume which can be
affected by different factors such as the electrons’ energy, the sample’s atomic weight,
and the geometry of the sample with respect to the incident beam. The resolution of
each signal depends on their generated volume for example, SE and Auger electrons
are generated from a small interaction volume, so these signals generate the best spatial
resolution images. At the same time, X-ray and CL emission produce the lowest
resolution images as they have the greatest interaction volume. Figure 3.3 illustrates
the signals that can be produced in an SEM with respect to their relative generation
depths. It is worth mentioning that Monte Carlo simulations are used to theoretically

predict the effect of various SEM parameters on spatial resolution.[83, 84]

Incident electron (PE)

Secondary electron (SE)
Auger electron

®

>
Cathodoluminescence (CL) Back scattered electron (BSE)

. 4

7 /'X-ray

Transmitted electron

Figure 3. 2: The generated signals of the electron- sample interaction.
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Figure 3. 3: Depth of the generated signals in the scanning electron microscope.

3.1.2 The generated signals

Secondary electrons (SE) have an energy of a few eVs (Ese < 50 eV). There are three
types of secondary electrons:

i. SE1, is the secondary electron signal generated via the direct interaction
between the incident primary beam and the sample.

ii.  SE2 is the secondary electron signal generated as a result of the collision of
backscattered electrons (BSE) with inner atoms, on their trajectory to escape
the sample

iii.  SE3 is the generated electrons from other chamber surfaces or the pole piece
inside the sample chamber of an SEM as a result of BSEs and primary beam
(PE) strikes, respectively.

The SE1s and SE2s emerge from, or close to, the sample surface. Due to their low
energies, these electrons can travel only a few nanometres. Their signal can provide

topographical information that can be used to study a material’s surface in a scanning
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electron microscope. H. Knoll was the first person to use the SE signal to generate an

image of the morphology of a bulk sample.[80]

Backscatter electrons (BSE) can have energies ranging from the primary beam
energy to close to the energy of secondary electrons (SEs) (50 eV < Egse < Epg ).

The primary beam electrons (PE) that travel for a distance before being scattered by
the sample’s inner atoms and whose trajectory deviates back out through the sample
surface are known as backscattered electrons (BSEs). BSEs can be deflected from
deep in the sample before emerging back through the surface. The energy of BSEs
varies depending on the material’s atomic number and the travelled distance. As shown
in figure 3.4, the BSE energy distributions can be classified into two regions, the near
primary beam energy (region 1) that dominates in the case of high or intermediate
atomic number materials. The highest energy corresponds to those primary beam
electrons that are scattered immediately after entering the sample or after travelling
only for a short distance. The electron, in this case, is deflected as a result of a single
collision with the atoms thus its energy approximately preserved (quasi elastic
scattering).

In the case of light materials, the primary beam travels deeper through the sample and
the electrons undergo numerous collisions with atoms. Therefore, they will lose energy
inelastically before scattering out of the sample. The BSE energy in region Il (see
figure 3.4) covers a wide energy range that is located between the primary beam
energy down to close to the energy level of SE ~< 50 eV. Region Il in figure 3.4 is
relevant to the energy of SE =< 50¢eV.
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Figure 3. 4: The distribution of SE and BSE energy. Regions | and 11 correspond to
BSE energies, and region |1l to the SE energy. Adapted from reference [82].

3.1.3 The detection system in a conventional scanning electron microscope

For secondary electrons, a conventional Everhart-Thornley (E-T) detector with an
applied positive bias is the most common detector used for rapid imaging. The
essential idea of this detector is based on converting the electrons to photons. Then,
the photons are converted to an electric signal by a photo-multiplier tube.

The detector construction is shown in figure 3.5, it begins with a collector grid which
is biased between -50 to +300 V, that collects the emitted SEs. Then the scintillator
with an applied high bias ranging from 10-12 kV is used to accelerate the SEs. As
electrons strike the scintillator, they are converted to photons which in turn strike the
cathode of the photo-multiplier tube where they convert to an electric signal and are
amplified by the photomultiplier by a factor on the order of 10°. The resulting electric
signal is proportional to the number of incident SEs on the scintillator. [80]

This detector will also detect BSE. In the case of BSES, by applying a negative bias to
the grid (~ - 50 eV), the SEs will be repelled and BSEs can be detected due to their
high energy when the detector is located in their trajectory. In general, the (E-T)
detector is placed at an inclined angle with respect to the sample surface as shown in
figure 3.1. This position is not ideal for the BSE path; as a result, the detected fraction
of BSE is very low and this detector is not efficient at detecting BSEs. Due to the

applied positive voltage, the SEs can reach the detector even for a high tilted sample.
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Figure 3. 5: Schematic of an E-T detector used to detect SEs

The primary detector used to detect BSEs is the solid-state detector. This type of
detector does not require the collector grid as in the SE detection system. The detector
is located directly above the sample (see figure 3.1) and consists of a doped
semiconductor material (p-n junction diode), most commonly silicon. As the BSEs
with certain energy Esse bombard the detector, the silicon electrons are excited,
forming electron-hole pairs.

The number of generated electron-hole pairs n can be described with the following
equation:

n = Epsp/Eexc

The E.,.Iis the excitation energy (for silicon it is 3.6 eV). This equation clearly
illustrates that the number of electron-hole pairs n is proportional to the Egse energy.
Thus the generated signal from such a detector is more sensitive to high energy BSEs
than those with low energy. Such a detector has a low energy threshold ranging
between 1 keV- 3 keV so it is only able to detect high energy electrons and cannot be
used to detect SEs. [83]

In the case of a highly tilted sample, the detector is mounted in front of the sample and

collects what are referred to as forescattered electrons. In the present work this is the
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primary geometry used, in particular where EBSD information is acquired
simultaneously with the diffraction information (ECCI), from a forescattered detector
placed beneath the EBSD detector. This work is demonstrated later in chapter 6.

3.2 Electron channelling contrast imaging (ECCI)

In order to characterize the defects in a sample, ECCI is used. Although transmission
electron microscopy (TEM) is a reliable technique for imaging defects, it requires
time-consuming sample preparation and can only be used to examine a small area of
the sample. ECCI is an alternative technique to TEM for studying line and surface
defects, where there is no need for sample preparation and a large area of the sample
can be imaged.

ECCI was discovered by Coates in1967 [85, 86]. In ECCI, the incident beam
penetrates down the crystal before being diffracted from lattice planes, this is described
in more detail below. The utilization of this phenomenon for imaging defects in bulk
materials was proposed by Booker et al [85]. The observation of a single defect had
been achieved earlier in TEM by Hirsch’s group in 1962 [86]. The first observation of
dislocations in an SEM was made by Clarke in 1971[87]. To date, ECCI is used in a
wide range of applications to characterize a variety of materials such as bulk materials
[88-90] and thin films including GaN [87, 91, 92] GaP [93, 94] and SiC [95, 96].
Analogous to TEM, in ECCI the visibility depth of the beam varies from tens to
hundreds of nanometres beneath the surface of a sample, depending on the material
type, beam conditions and the reflection planes [85-87, 97]. The optimal spatial
resolution achievable with this technique is on the order of tens of nanometres. The
contrast in the ECCI micrograph is derived from the crystal structure, as discussed
below. Any deviation in lattice orientations such as tilt or twist grain boundaries and
single defects can be imaged and identified.

The electron behaves as a wave and a particle. The backscattered electron can be
described as utilizing the wave nature of the electron. The Bloch wave, which is a
standing wave can be used here. These waves are propagating through the top surface
of a crystal as sets of plane waves. Two types of waves are considered and are referred
to as wave-I and wave-II and are defined below. Both types’ intensities significantly

depend on the position of the lattice atoms. As seen in figure 3.6, wave-l has a
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maximum intensity along the plane of atoms while the maximum intensity of wave-II
is located between the lines of atoms. As a result, the probability of an electron of
wave-I being diffracted is significant as it is located close to the atom. The interaction
between the wave-I1 electrons and the lattice atoms is weak due to the separation
distance. Therefore the probability of this type of wave being diffracted is weak. [98,
99] The simple model in figure 3.6 demonstrates that the probability of electrons being
backscattered is dependent on the incident beam angle and the proximity of the
primary beam to the atoms. Consider a case when the incident beam is travelling
parallel to the lattice atoms, the yield of BSE is weak. Therefore, the intensity or the
yield of BSEs can be varied as the incident beam angle or the orientation of the sample
Is changed, as seen in figure 3.7 (orange and green arrows).
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Figure 3. 6: The Bloch waves that are used to describe the behavior of the electron
beam in respect to the lattice atoms. Wave-I has a maximum intensity in the atom plane

while wave-11 has a maximum intensity in between the plane of the atoms.

53



Incident beam PE

Atomic site .
o

®
®
®

Figure 3. 7: The relationship between the incident beam angle and the atomic site as it
related to the generation of BSE. Blue arrows indicate the condition where the incident
beam is lined up with the crystal lattice, the orange arrow illustrates the case when the
incident beam angle changes with respect to the lattice. The green arrow indicates the
effect of a change of positions of atoms in the crystal with respect to the perfect lattice
as might be produced by a defect.

Since the incident angle of the beam is constant, the sum of the Bloch intensities is
constant. However, the ratio of intensities of wave- | and wave- 1l electrons can be
changed and therefore the intensity of BSEs will also change. The intensity of BSEs
will vary with the angle of the incident beam on the sample with respect to the atomic
lattice structure.

Electron channelling contrast can be visualized in two modes; Electron channelling
patterns (ECP) and the ECC imaging mode [83, 87, 100].
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An electron channelling pattern (ECP) can be acquired when the SEM is operated at

low magnification. As the beam scans across the sample surface, its angle relative to
the crystal planes changes and the beam satisfies the Bragg condition for multiple
crystal planes. Bragg’s equation is defined as 2 d sin 8 = A where the 1 is the electron
wavelength and d the separation distance between the atomic planes and &is the angle
between the electron beam and the atomic planes. This leads to a change in the BSE
signal as the beam is scanned over the sample (see further discussion below) and a
number of overlapping planes (bands) are visible, superimposed on the image of the
sample. This is known as an ECP. Figure 3.8.a illustrates this process, where the beam
scans across the sample surface and its angle relative to the crystal planes changes, as
does the intensity of BSE. Focusing on the area between points A and B in figure 3.8.b,
this shows that a rapid change in the intensity of BSEs occurs close to the Bragg angle.
When the angle of the incident beam 6 is smaller than the Bragg angle 6g (6<6g ) a
small change in the angle of the beam with respect to the sample will result in a
significant increase in the BSE intensity. Where the scanned beam angle 6 is greater
than the Bragg angle 6s (6> 6g ), a reduction in the BSE intensity occur.

Due to this, arrays of overlapping 2D bands can be acquired. Each band represents a
set of atomic lattice planes and the angle between the bands corresponds to the angle
between the corresponding lattice planes. The centre of the pattern is exactly the beam
direction during the scan. Any distortion in the crystal can be predicted through the
ECPs, as the distortion can deviate the planes from their original site. In other words,
the symmetry of the crystal lattice planes is affected due to crystallographic defects
which affect the acquired ECPs. ECPs thereby provides information about crystal
orientation and phase identification.

In the case where defects exist in a crystal, for instance, a single dislocation, a
distortion (bend) will be introduced into the surrounding planes. If the incident beam
satisfies a Bragg condition for the undistorted set of planes, those planes distorted due
to the presence of dislocations have a different Bragg angle, either greater or smaller
(6 < Bg or 6> 0g). As a result, the yield of BSE will be affected providing defect
contrast. [85] This is the mechanism used to produce ECCI micrographs as discussed

in the next section.
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Figure 3. 8: a) The variation of the incident beam with respect to the crystal planes b)
The backscattered intensity difference as the incident beam angle 0 either greater or

smaller to the Bragg angle 0g, figures adapted from Joy et al. [98]
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Figure 3. 9: ECPs from ELOG GaN demonstrate overlapping bands. This image was

acquired at a tilt of 47° and an accelerating voltage of 30 keV.
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Electron channelling contrast image (ECCI), the ECP can be used to set a Bragg

condition, as discussed above, the centre of the pattern is exactly the beam direction
during the scan and this can be set so that the incident beam is diffracted from a
particular set of planes. To acquire an ECCI micrograph the SEM is operated at high
magnification where the angle between the sample and the beam remains constant.
Any distortion of the sample due to the presence of a dislocation will result in a
deviation away from the Bragg condition leading to a change in the BSE intensity,

revealing the dislocation.

ECCI geometry

The sample orientation with respect to a detector can be divided into two geometries;
backscattered geometry and forescattered geometry, this classification depends on the
orientation of the measurement, particularly the BSE detector position. In the
backscattered geometry the detector, as was mentioned in section 3.1.2, is directly
above the sample beneath the SEM pole pieces, the sample for this geometry is at or
close to horizontal with respect to the incident beam (= 90° in respect to incident
beam). While for the forescattered geometry the detector is located in front of the
sample and in this case, the sample is tilted to between ~30°-70°. Both geometries are

illustrated in figure 3.10.
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Figure 3. 10: Schematic of the ECCI experiment geometry a) is the forescattered

geometry, b) is the backscattered geometry.

2um
Figure 3. 11: ECCI micrograph from AlGaN thin film sample which shows various
information from the crystal (grains, atomic steps, and threading dislocations).
Threading dislocations (TD)s appear as black-white contrast. The image was
acquired at an accelerating voltage of 30 keV and at a tilt 50° in the forescattered

geometry.
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The information from ECCI micrographs

The density of threading dislocations and their distribution in the sample can be
obtained from an ECCI micrograph. An example ECCI is shown in figure 3.11. To
characterize the defects (TDs) in wurtzite material, at least two ECCI micrographs
should be acquired from the same area under different diffraction conditions to identify
their types: edge (a-type), screw (c-type), or mixed ((a + c)- type). Note that the
dislocations may only be described as edge and screw in wurtzite material when the
dislocation line and Burgers vector are perpendicular and parallel to each other
respectively. Dislocations appear in ECCI micrographs as dots with black-white
contrast, as seen in figure 3.11. Analogous to the TEM technique, it is possible to use
the invisibility criterions g.b and g.bxu to recognize TDs types. The diffraction vector
g can be acquired from ECPs; hence one can estimate that when b is parallel to g the
outcome of g.b is maximized and minimized in the case when b and g are orthogonal
to each other. In the case of c-plane IllI-nitrides for a plan view imaging (ECCI or
plane view -TEM), (0002) and (1120) cannot be used to discriminate between the

edge, screw and mixed threading dislocations. Instead of that it can satisfy g.b = 0 for
dislocations with a Burger vector of% <1120> by selecting a g vector of (1100) hence

a significant reduction in the intensity of a proportion of the a-type TDs (edge
dislocations). In the case of in plan view imaging, a screw dislocation (c-type TDs)
where b = <0001> at the g vector of (1120) and (1100) will not meet the invisibility
criteria for c-type (screw) as a further factor which needs to be taken into account when
attempting to apply the invisibility criteria to ECCI micrographs (and plan view-TEM
images), is the effect of surface relaxation on the observed defect contrast. The
variation in strain due to surface relaxation around a defect can dominate the observed
defect contrast. The mixed dislocations ((a + c)- type) is visible under these two
diffraction conditions. [101, 102] The image in figure 3.12 acquired under diffraction
condition where the edge dislocations have the weaker contrast (yellow circles) in

compare to the dislocations with screw component (pink circles).
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Figure 3. 12: ECCI micrograph at diffraction condition where the edge have the weaker

contrast in contrary to the screw component dislocations. The yellow circles are the
edge dislocation where the pink circles are related to the screw component

dislocations. The image acquired from the ELOG GaN sample from chapter 4.

For nitride semiconductor thin films, additional strategies have been developed to
identify the TDs. By tracking the change in the black-white contrast under different
diffraction conditions, dislocations types can be recognized. Figure 3.13 demonstrates
the ECCI standard method of TD identification by tracking the change in the
dislocation black-white contrast direction under two diffraction conditions, figure
3.13.a and b are the images of the same area at the first and the second diffraction
condition respectively. In the case of the of edge dislocation, the black-white contrast
either remains the same or flips (black-white contrast reversed), see yellow arrows in
figure 3.13. While in the case of c-type/ (a + c)- type (dislocations with screw
components), the contrast changes in other directions, see the green arrows in figure
3.13. In the case of inclined dislocations, this method does not work as will be
discussed in chapter 4 and other strategies for identifying dislocations are required.

In addition, if a diffraction condition is selected so that atomic steps are observed in
the ECCI micrograph it is possible to identify TDs by applying a technique developed
for AFM. [103, 104] TDs are identified as screw (c-type) or mixed ((a+c)- type) if the

TDs terminate at a step or as a-type if they are located on a step.
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a) 'b)

Figure 3. 13: lllustrating the standard ECCI method that is used to classify TDs, a)
shows the first diffraction condition where the arrows in the bottom image indicate
the black-white contrast direction (yellow arrows for edge dislocation, green arrows
for screw component dislocations) b) shows the second diffraction condition from
the same area where the bottom image is the same image including the arrows that
indicate the black-white contrast direction (yellow= edge, green= screw component
dislocations). The dislocation images are extracted from a larger image acquired

from AIN thin film sample (sample A in chapter 6).

In addition to dislocation type, grains, sub-grains, stacking faults and atomic steps can
be revealed using ECCI.[105] The ECCI micrograph in figure 3.11 illustrates atomic
steps, TDs as black-white spots and some sub-grains (where the term sub-grain is used
to refer to a region which has a different orientation with respect to neighbouring
regions but this misorientation is of order a degree or less). In figure 3.11 sub-grains
are observed to be surrounded by dislocations. The difference in the orientations of
sub-grains, in relation to the incident beam, makes them visible. Differences are

observed in the grey scale for different sub-grain orientations.
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ECCI can be used in conjunction with other techniques which provide complementary
information. It can be used with cathodoluminescence CL to study the effect of the
TDs on the light emission as in references [74, 87, 105, 106]. It can also be used with
AFM, as shown in chapter 4, where AFM images are compared to ECCI micrographs
to determine if all dislocations are imaged in ECCI. Moreover, AFM is used with
EBSD to study the orientation of grains and strain [88, 90, 105, 107]. In chapter 6
ECCI is used in conjunction with EBSD to study TDs and grain boundaries.

3.3 Electron backscattered diffraction (EBSD)

Electron backscattered diffraction (EBSD) in the scanning electron microscope is used
to acquire quantitative microstructural information from single or polycrystalline
materials at different magnifications, ranging from the millimetre to the nanometre
scale (bulk samples, thin films, and nano-materials). The information obtainable via
this technique includes; crystal orientation and the distribution of crystal orientations
(texture), crystal structure, grain boundary types, strain, as summarised in Table 3.1.
EBSD is capable of providing information with high spatial resolution on the order of
tens of nm.[108] Thus, EBSD is an attractive technique that is utilised widely for
material characterisation in a diverse range of fields, e. g. aerospace, metal research,
earth science, and semiconductors.

As the electron beam is scanned across a crystal sample in a raster fashion, orientation
maps can be produced which allow identification of the orientation of each point in
the crystal for which an electron backscatter pattern (EBSP) is acquired. Figure 3.13
is a schematic illustration of an EBSD map where the different colours represent the
different orientations of the crystal grains. [90, 108-110]

EBSD may be combined with other analytical techniques in the scanning electron
microscope, for example, ECCI, CL and EDS. ECCI is the preferable technique in the
case of measuring the density of dislocations and their types. However, an ECCI
micrograph exhibits sub-grain misorientation as a variation in contrast, but does not
provide any quantitative information (e.g. the direction of misorientation or
magnitude); whereas the EBSD technique can provide this information.[105] When
EBSD is combined with CL it is possible to compare the luminescence properties of a
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crystal to its structural properties.[105] EBSD maps can be acquired
simultaneously with EDS maps for phase identification by correlating crystallographic
information with chemical composition. This is illustrated by the work of Laigo et al.
[111] where they studied a series of complex alloys (Fe-35Ni—25Cr-0.4C—1Nb) which
contain several carbide phases (e.g. niobium-rich carbides (NbC), and chromium-rich
carbides (Cr23Cs and Cr7Cz)). EDS was unable to discriminate between (Cr23Cs and
CrsC3) phases, however these phases have different crystal structure, EBSD can

discriminate between the phases. [111]

EBSD information Description References
Grain orientation and EBSD is capable of [105, 112, 113]
texture identifying a grain’s

orientation, its size, and
the magnitude of the
misorientation with other
grains/or with a reference
orientation. The
distribution of crystal
orientations in a
polycrystalline material is
often referred to as its
texture.

Grain boundary type EBSD is able to provide a [114]
statistical information on
grain boundaries types;
low angle and high angle
boundaries
Phase identification EBSD may be utilisedto  [115, 116]
identify different crystal
structures in
polycrystalline materials
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as each crystal structure
of a material has a unique
EBSP.

Strain EBSD is capable of [117-119]
resolving the deviation in
a pattern with strain as
small as = 10~ based on
EBSPs analysed through
applying a cross-
correlation approach.

Defect (dislocations) By using the cross- [113, 118, 120]
correlation approach,
EBSD provides accurate
measurements of the
misorientation and strain,
thus, the density and the
types of the geometrically
necessary dislocations
(GND) can be obtained.

Table 3. 1: Summarizing the information that is provided by EBSD and brief

descriptions
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The formation of electron backscatter patterns (EBSPS)

In EBSD, patterns similar to ECPs (i.e., containing Kikuchi bands are recorded, and
are referred to as electron backscatter patterns (EBSPSs). The formation mechanism of
EBSPs differs to that of ECPs. Obtaining an EBSP experimentally, starts when the
incident electron beam enters the highly tilted crystal and the electrons undergo
inelastic scattering by the lattice planes. On exiting the crystal some BSEs may fulfil
Bragg’s law. This leads to the formation of pairs of diffraction cones (Kossel cones)
as a result of diffraction from different planes in the crystal. In EBSD these cones
intersect with a phosphor screen and are therefore observed as a pair of parallel straight
lines (Kikuchi bands). As EBSD patterns provide information about the
crystallography and crystal orientation, thus any change in the sample geometry
(rotation or tilt) will lead to change in the pattern either as due to rotation or a shift in
the pattern. [88, 121]

The experimental EBSD geometry

In order to study the microstructure of a crystal using EBSD, a highly tilted sample is
required (=70°). A fluorescent (phosphor) screen is placed in front of the sample
which lights up as BSEs strike it, forming Kikuchi patterns. A camera is coupled to
the screen to record the patterns. The camera is connected to the computer where the
patterns are indexed. The high sample-tilt geometry was proposed by Alam et al. in
1954 as they discovered that the pattern is much clearer in the case of the high tilted
sample as the BSE vyield is dependent on the angle of the sample, the higher angle
means more BSEs. Figure 3.14 shows the high tilted geometry of the EBSD
experiment schematically. As is clear, the sample is placed at a high tilt of 70° in
respect to the stationary incident electrons beam, to ensure a high yield of BSE. Solid
state detectors are also usually placed around the screen to detect BSEs in the

forescatterd geometry.
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Pole piece

Phosphor screen + Camera e-beam

Sample

BSE

Figure 3. 14: Schematic of the EBSD setup
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3.4 Atomic force microscope (AFM)

AFM is a versatile instrument that is used to generate high-resolution, rapid and non-

destructive, 3-D nanoscale topographic images. The AFM was invented by Binnig et.

al. in 1986 [122]. This invention was as an adaptation of the scanning tunnelling

microscope (STM). The AFM can be combined with other techniques to study the

properties of materials, for example the relationship between topographic features and,

structural properties and light emission.
AFM setup
The main parts for any standard AFM are listed below (see figures 3.15):

A fine tip that is mounted to a flexible cantilever spring. Both parts are
commonly fabricated from Si, SiN, or diamond. The cantilever size is a few
micrometres, the diameter of the tip apex can be as small as 4 nm. As the tip
scans over the sample surface, the cantilever will bend either up or down with
respect to high or low features on the sample respectively.

A piezoelectric scanner is used to control the movement of the tip in the z
direction (up and down) or in the x and y directions.

A detection system which contains: a quadrant photodiode detector and laser
beam, that is reflected from the back of the cantilever onto the detector to track
its deflections. The surface topography of the sample influences the bending of
the cantilever which is tracked by the laser beam. Any deflection in the
cantilever that causes a change of the position of the reflected laser beam on
the PSD. The electrical signal from the photodiode detector is used monitor
the position of the cantilever. A feedback loop is associated with the
photodiode and the scanner to control the height of the tip above the sample
thus accurate AFM maps are acquired. See figure 3 which shows a schematic
of a standard AFM.

67



Tip-Sample Interaction

The tip-sample interaction is key to the operation of the AFM. The forces at the atomic
level are Van der Wals force (attractive) and the electrostatic force (repulsive) and
follow Hook’s law F=-kZ, as the cantilever here acts as a spring. The spring constant
k and the distance between the probe and the surface Z play a crucial rule in this
process. Both forces depend on the distance between the tip and the sample. For
simplicity see figure 3.16 which demonstrates the relationship between the separation
distance between the sample and the tip versus the force. From the right side of the
plot, the force is attractive as the tip is away from the sample. When the tip is very
close to the sample, a repulsive force will result as the electron cloud of the atoms of
the tip and sample repel each other. One can observe that the curve in the case of the
attractive force changes gradually while it is very steep in the case of the repulsive
force.

Feedback loop

Constant
amplitude
oscillation

Controller/
piezo

photodetector

Sample

Figure 3. 15: Schematic of an AFM setup adapted from [122].
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Force

Contact

Intermittent contact

Repulsive —

Attractive

The separation distance
(between the tip and sample)

Non-contact

Figure 3. 16: A plot of the forces between the tip and the sample as a distance-

dependent interaction adapted from Maghsoudy-Louyeh et al. [122]

AFM operating modes

The most common operating modes of the AFM are contact mode, non-contact mode,
and tapping mode (intermittent contact mode): [122-124]
In contact mode the tip is scanned close to the sample surface which results in a strong

repulsive force between the tip and the sample. The generated force causes the
cantilever to bend as it scans across the sample surface. In this mode the sample can
be damaged as a result of direct contact with the AFM tip. In addition, the tip can be
damaged in this mode, effecting the image quality. The tip is often damaged and must
be replaced often. However, this mode can provide a high resolution measurements on

the order of sub-nanometre.

In_non-contact mode, the cantilever oscillates above the sample during the scan with
no contact between the tip and the sample. The oscillation amplitude (and deviation
from the cantilever’s resonant frequency) changes with distance between the tip and

the sample as a result of variation in the attractive force between the tip and the sample.
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In this mode the sample surface and the tip are protected from damage. This makes it
an effective mode to investigate very thin or biological samples. However, it provides
lower resolution images. The lifetime of the tips in this mode is longer than in other
modes.

Tapping mode (which was used in this thesis) combines the advantages of both contact
and non-contact modes. The separation distance between the tip and the sample surface
is intermediate between that used in contact and non-contact modes. The tip oscillates
above the sample and tracks the topography by lightly tapping the surface for a short
time. As the tip approaches the sample the reduction in the tip oscillation amplitude

can be measured thus mapping the sample topography.

TDs determination by AFM

In this thesis, specifically in chapter 4, AFM is used to estimate TD density and
identify dislocation types. The results obtained with AFM are combined with ECCI
to investigate the behavior of TDs.

Previous studies of dislocations in the AFM include the work of Watkins et. al. [125]
who used the AFM to study dislocation structure and surface morphology of InAs and
GaSb samples. AFM is also widely used to investigate TDs as well as the surface
features of Ill-nitride thin films samples such as GaN [126] and AlGaN [127] thin
films. Tian et. al. [128] used a number of different microscopes to investigate
dislocations in GaN samples. The SEM was used to study the distribution of pits in the
samples, while AFM was used to identify the size and shape of the pits. TEM was then
used to confirm the dislocation types and CL was used to estimate the dislocation
density.

TDs create small pits when they terminate at the sample surface and this change in
topography can be imaged by AFM. Preliminary surface treatment is required to
ensure that all pits are detected.[103] This can be either performed in-situ during or
immediately after growth using SiHs and NH3 [74, 129] or ex-situ [130] to extend the
pits.

From an AFM image, TD type is determined by the location of TDs as related to a step

and the size of the pits. If a TD terminates on a step then it is a c-type/ (a+c)-type
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(screw or mixed) dislocation (see the red circle in figure 3.17.a) whereas, if a TD is
located on a step it is an a-type (pure edge) dislocation (see the green circle in figure
3.17.a). The differences in magnitude of the Burgers vectors between the a-type and
c-type dislocations leads to different sizes of pits. [19] Also, ‘in depth’ analyses are
used to identify TDs. The shallower dislocations indicate an a-type, whereas the deeper

ones indicate c-type/ (a+c)-type dislocations, see figure 3.17.b [20, 21]
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Figure 3. 17: a) Demonstrating the method used for TDs identification in an AFM
image (the red circle and inserted magnified image in the red box show a c/(a+c)-
type dislocation terminating a step, the green circle and inserted magnified image
green box is a-type dislocations located on the step. ¢/(a+c)-type dislocation (red
box) is larger in size comparing to a-type dislocations (green box). b) Histograms
from AFM measurements of TD pits depth and step edge terminations, the blue bar is
a-type dislocations where the orange one is for ¢/(a+c)-type dislocation. This data is
from ELOG GaN sample which is studied in chapter 4.
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Chapter 4

Coincident ECCI and AFM of
threading dislocations in ELOG GaN

In this chapter, the correlation of electron channelling contrast imaging (ECCI) in a
scanning electron microscope is correlated with atomic force microscopy (AFM) to
reveal and identify threading dislocations (TDs) in an epitaxially laterally overgrown
GaN (ELOG), 17 pm-thick sample. The main aim is to demonstrate that all TDs
detected by AFM can be also resolved by ECCI, the imaging of inclined dislocations
with ECCI is also explored.

4.1 Introduction:

In the last decades, there has been a spectacular revolution driven by the Ill-nitride
semiconductors, specifically GaN and its alloys, in the solid-state lighting industry
with blue LEDs being the key component in white LED light bulbs. In addition to
lighting, GaN and its alloys are also being exploited in the manufacture of UV
photodiodes and high—speed/high—power electronic devices.[131, 132]

As mentioned previously in 2.2.3, the growth of GaN on a foreign substrate (Al20s3,
SiC or Si) leads to a detrimental high density of TDs. Consequently, the efficiency of
the devices will be affected.[133] Continuous research efforts have been made on
improving the semiconductor growth through the use of various growth techniques
such as metal-organic vapour phase epitaxy (MOVPE), hydride phase epitaxy
(HVPE), liquid phase epitaxy (LPE), molecular beam epitaxy (MBE) and atomic layer
deposition (ALD).[134] Among the aforementioned growth techniques, MOVPE is
one of the widely used methods for producing large area, high crystalline quality
wafers, see 2.2.1. Novel defect reduction techniques such as epitaxial lateral
overgrowth (ELOG) have also been developed to reduce defect densities [135, 136], a

brief description on this TDs reduction method can be found in section 2.4. It has been
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possible to obtain longer device lifetimes and superior performance through these
improvements in growth [137].

As discussed in section 2.2.1, the ELOG structure studied in the present work
comprises overgrowth over stripes of SiOz (wing regions), where the growth initiates
through open (window) regions between the stripes of SiO2. TDs under the SiO, mask
cannot propagate to the surface, while those located in the window regions close to
the edge of the mask will bend toward the mask into the wing region, thus producing
inclined dislocations which thread at an angle from the surface normal. [136, 138]
Ideally, the inclined dislocations located in the wing region interact and annihilate
each other. [104]

To image and count dislocations and determine their character, rapid, non-destructive
and statistically reliable methods are required. In this present work, | report the
application of coincident electron channelling contrast imaging (ECCI) using a
scanning electron microscope (SEM) (see section 3.2) and atomic force microscopy
(AFM) in tapping mode (see section 3.4) to investigate dislocations in the ELOG-GaN.
[87, 103, 139] Combination of these two techniques is a powerful structural
characterisation tool for studying extend defects and surface in semiconductors and

other material systems.

4.2 The sample fabrication:

The GaN sample used in this correlated study to compare AFM and ECCI techniques
was grown by a two-step epitaxial lateral overgrowth (ELOG) process (discussed
previously in section 2.4), and the growth was done in a metal-organic vapour phase
epitaxy (MOVPE) reactor.

The sample growth began with a 1 um highly resistive seed layer of GaN. Then a 100
nm layer of SiO> was deposited as a mask. The mask was patterned, using etching with
stripes parallel to the [1100] GaN direction so that both the wing and the window had
equal widths of Sum (see figure 4.1.a and b). The growth is completed in two stages
of different V/III ratio. First, the formation of pyramidal stripes was achieved at a

comparatively low temperature of 970°C. In the second stage, coalescence was

74



achieved at a high temperature of 1050°C (see figure 4.1.a). As a result, the lateral
epitaxial overgrowth extends over the mask through the opening area. The final
thickness of the GaN layer was 17 um. Finally, a surface treatment by silane (SiHa) is

applied to increase the pits’ size to assist the identification of TDs by AFM.

b)

[11-20]

2 step ELOG
Wing Seed Wing Seed Wing

- 17um [1-100]

ra

GaN HR template

Figure 4. 1: a) Schematic diagram illustrating the growth stages of ELOG, the wing
and seed regions are shown, b) Schematic diagram of surface of ELOG showing the
direction of the stripes relative to the [1100] and [1120] directions.

4.3 The experimental methods

An FEI Sirion 200 Schottky FEG-SEM was used, operating at 30 kV, with forescatter
Si diodes and an amplifiers provided by KE Developments Ltd. (now Deben, UK).
AFM measurements were taken on a Veeco Dimension 3100 microscope in
intermittent contact/ tapping mode, using a nanoscope V controller.

To avoid tip damage during the fast scan or the loss of information, the sample was
aligned so that the angle between atomic steps (which were in general perpendicular
to the mask stripes) and the scan direction was 45 degrees. This alignment allowed
both wing and window regions to be imaging.

To identify TDs types in the large AFM image, PITS software developed by David
Holec [50] was used to identify TDs based on the pit’s size, depth and position in

relation to the atomic steps. All AFM results and data were provided by Dr. Thomas
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O’Hanlon [140] and Prof. Rachel Oliver, Department of Materials Science and
Metallurgy, University of Cambridge.

4.4 Results and discussion

441 The AFM result

Figure 4.2 shows a large AFM image of a 30x30 um? area. AFM measurements were
performed first, followed by ECCI. From this AFM image, the average density of TDs
in the seed region was found to be 5.0 + 0.2x10% cm™2 while in the wing region it is
1.3 £0.1x10% cm™2. The average density of TDs across the sample was estimated to be
3x 108 cm2. The image shows the variation of TDs between wing and seed region and
the atomic steps which were crucial in terms of TDs identification.
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Figure 4. 2: Large AFM image showing a number of wing and seed regions. The
approximate locations of the seed and wing regions are indicated and have an equal

width of 5 um.

442 The ECCI result
An image obtained with ECCI is shown in figure 4.3, the change in the density of TDs

between wing and seed regions can be clearly seen. As shown in the figure 4.3, the
wing region shows a reduction in the density of TDs comparing to the seed region.
One can see the wing on the right has a larger density of TDs compared to the left
wing. In addition, TDs align at the coalescence line in the middle of the right wing
(inside red box). The TDs along the coalescence line exhibit a black-white contrast
approximately perpendicular to coalescence line which is consistent with these being
edge TDs along a low angle grain boundary.[37]
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Using ECCI, the average density of TDs in the seed region is 4.2 £ 0.7x10% cm™2 while
in the wing region it is 1.3 = 0.1x10% cm™. These results were obtained by using the
average of TDs from three images obtained from three different areas of 25 um? for
each region and from random parts of the sample and are consistent with the TD
densities determined with AFM.

Figure 4. 3: Large ECCI micrograph showing a number of wing and seed regions. The
approximate location of the seed and wing regions are indicated and have an equal
width of 5 um. Red box in the right wing include array of TD that align up at the

coalescence line.

A closer look at a coalescence boundary can be seen in figure 4.4. Along the boundary
there an array of dislocations at the coalescence line in the middle of the wing region.
The intensity on opposite sides of the coalescence boundary are different, indicating a
difference in orientation of the film on either side of the boundary line. The TDs on
the coalescence line are not exhibiting the standard dipole black-white contrast more
usually observed [87], instead they exhibit a contrast similar to simulations of the
contrast for edge dislocations described by Picard et al. [101] (see inserted image in

figure 4.4) in a SrTiOz foil, and are therefore likely to be edge type dislocations.
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Figure 4.5.a demonstrates the variation in intensity across an ECCI micrograph along
the dotted arrow, over a number of ELOG periods, where the change in the intensity
over the ELOG sample is related to changes in orientation across the sample. This is
likely to be due to an out of plane rotation about an axis parallel to the SiO stripes. A
similar variation in the intensity in an ECCI micrograph was observed by Trager-
Cowan et al. [92] for an ELOG GaN sample, an out of plane rotation was confirmed
by EBSD measurements.

The graph in figure 4.5.b is the first derivative of the intensity profile which shows the
greatest difference in the intensity obtained over the ECCI micrograph. It is clear from
this intensity profile that the greatest changes in the intensity are located at the
coalescence line in the middle of the wing and in the middle of the seed region.

1pum

Figure 4. 4: Enlarged ECCI micrograph of the coalescence line at the middle of the
wing region the green arrows indicate to the array of dislocations that set at the

boundary. The inserted simulated dislocation image is from Picard et al [101].

79



10um

(b)

10

(%3}

10 20 30

'
(8,

The first derivative of
the intensity profile
o

=
(S

s
()

wing seed

Distance (um)

Figure 4. 5: a) ECCI micrograph demonstrating the deviation in the grayscale across
large area of the sample (parallel of dark and bright stripes) b) the first derivative of
the intensity profile across the ECCI micrograph (Note that it is horizontally aligned
with the ECCI micrograph).
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45 Coincident ECCl and AFM measurements

In the case of correlating the ECCI and AFM techniques, surface features (e.g. voids,
contamination, etc) were used to identify the same area of the sample with both
techniques. AFM measurements were performed followed by ECCI. AFM and
correlated ECCI micrographs were used to analyse 130 TDs from both the seed and
wing regions. Figure 4.6 shows images acquired from the same area of a seed region
by both techniques. There is a one to one correlation of dislocations revealed
independently by AFM and ECCI. The results from ECCI and AFM complement each
other and confirm the presence of 51 near vertical TDs which are either pure edge or
contain a screw component, i.e., they are either pure screw or mixed TDs. However,
72 TDs exhibit anomalous contrast in the ECCI micrographs, see for example the TD
highlighted by the white box in figure 4.6.b. We attribute the observed elongated
contrast to these TDs being inclined with respect to the c-axis. The small lines in
ECCI micrographs correspond to the projection of inclined dislocations lines within
the interaction probe depth.[141] When TDs thread at an angle to the surface of the
sample, while under some diffraction conditions they are observed as dots exhibiting
black-white contrast, for other diffraction conditions they may appear as short line
segments. In addition, for diffraction conditions where they are observed as dots, the
direction of the black-white contrast will be influenced by the inclination direction.
The appearance of an inclined TD will depend on its inclination angle, the penetration
depth of the electron beam and the diffraction condition. For a given material, the
penetration depth depends on the electron beam energy and the diffraction condition.
For an inclined dislocation, on changing the diffraction condition, any black-white
contrast direction observed for these TDs will generally change by an angle other than
0° or 180° and it is not possible to deduce the Burgers vector of these dislocations
from observation of the black-white contrast direction for different diffraction
conditions. However it was possible to differentiate between TDs with a Burgers

vector of § <1120> and those with a Burgers vector of <0001> or % <1123> from the
relative contrast they exhibited under an appropriate diffraction condition. Under

some diffraction conditions TDs with a Burgers vector of <0001> or §<11§3>
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showed significantly stronger contrast than those with a Burgers vector of § <1120>

as shown previously in section 3.2, figure 3.12. In addition, where the inclined
dislocations appeared as short line segments, it was possible to infer the direction of
the inclination of the TDs from the direction of the line.

Figure 4.6.d highlights the observed direction of black-white contrast observed for
the pure edge TDs (blue arrows). All the vertical pure edge dislocations exhibit a
black-white contrast direction which is parallel to the Burgers vector; that is parallel
to the <1120> directions also indicated in figure 4.6.d. This black-white contrast
direction is consistent with their identification as edge dislocations.[101, 102, 142]
The inclination direction of the inclined TD (inside the white box) is along <1120>
as is logical as it is perpendicular to the mask stripes.[48, 143, 144] Figure 4.6.e shows
the TD distribution derived from a larger area AFM image, the coloured area indicates

the dislocations identified in figure 4.6.a to d. Figure 4.6.e reveals no trend in the
distribution of TDs.

(a) 1pm (b) 1pm (c) 1um (d) 1um
Key to ECCI dislocation Possible black-white (e)
identification for (c) contrast directions

) ) for edge dislocations
O undefined using ECCI in (d)

O inclined dislocation
edge (a-type)
O screw/mixed (¢/(a+c)-type

Figure 4. 6: The correlated ECCI and AFM images from a seed region a) AFM image
b) ECCI micrograph c¢) ECCI micrograph with coloured circles representing the TDs
type d) ECCI micrograph showing the possible black-white contrast direction of pure

edge TDs e) distribution of dislocations determined from AFM overlaid with
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identification of TDs in seed region. The wing and window stripes of the ELOG sample

are readily seen.

lum 1um
Key to ECCI dislocation
identification for (c)

edge (a-type)
O screw/mixed (¢/(a+c)-type)

inclined a-type dislocation toward [0110],
B-W contrast perpendicular to inclination direction

inclined a-type dislocation toward [0110],
...« B-W contrast parallel to inclination direction

O no definitive identification using ECCI 1|,1m

Figure 4. 7: Correlated ECCI and AFM from a wing region a) AFM image b) ECCI
micrograph at first diffraction condition ¢) ECCI under second diffraction condition,
the <1120>and <1100> directions are shown, d) ECCI micrograph with colored
circles representing the TDs types as described by the key e) Distribution of
dislocations determined from a larger AFM image overlaid with the identification of

dislocations in wing region.

Figure 4.7 a, b, and ¢ shows correlated AFM and ECCI images from a wing region,
where b and ¢ are ECCI micrographs obtained under different diffraction conditions.
Itis clear from images in figure 4.7. aand b, that the TDs are revealed in both the AFM
and ECCI micrographs.

The ECCI micrograph of figure 4.7. b was acquired in a diffraction condition where
the screw component TDs show stronger contrast compared to a-type TDs where the
edge component dominates. The identification of screw component dislocations using
this method agrees with the identification of these dislocations by AFM, see previous
chapter for TDs identification by AFM (section 3.4). A second ECCI micrograph,
figure 4.7.c was acquired to investigate the inclination of dislocations in this area. The

elongation of the observed TDs, and thus the deduced inclination direction, of the a-
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type TDs in this region appear to be toward the [0110] direction, with an angle of 60°
to the stripes (represented by green arrows). Romanov and Speck [145] observed in an
AlGaN sample that the inclination of a-type dislocations was toward the [1100],
perpendicular to the Burgers vector of the dislocation and showed a segment of the
dislocation in [0001] direction can effectively lead to a change in the strain Ae =bLp/2,
where b is the Burgers vector, L the segment length, and p is the density of dislocations.
This had also been observed previously by Cantu et al.[146] in Si doped AlGaN
samples, as the surface roughness increased, the strain relaxation via inclined
dislocations was observed to increase. The inclination of the dislocations in this region
could perhaps be attributed to the strain modulation.

In addition to the inclination direction, different directions of black-white contrast are
observed for these inclined dislocations, either parallel or perpendicular to the
inclination direction. For example see the two dislocations highlighted with the blue
arrows, these exhibit a black-white contrast direction toward the [2110] direction,
perpendicular to the inclination direction. If this black-white contrast direction is
related to the Burgers vector, that is parallel to the Burgers vector, this is consistent
with the results reported by Romanov and Speck [145] and Cantu et al.[146] where the
inclination direction was observed to be perpendicular to the Burgers vector.
However, this black-white contrast is also consistent with the contrast expected for
inclined dislocations. These dislocations are marked in figure 4.7.d with solid green
circles.

Other dislocations highlighted with green arrows exhibit black-white contrast toward
[0110], and the black-white contrast and the inclination directions are in the same
[0110] direction, at present we have no explanation for the contrast exhibited by these
dislocations. These dislocations are marked in figure 4.7.d with dashed green circles.
The relationship between the inclination angle and the TD contrast may be explained
in terms of the strain field and the angle of inclination. The higher the inclination of
an a-type TD, the greater the [0001] segment of the TD. Follstaed et al. [147] studied
three AlGaN samples with different Ga composition. High Ga composition introduced
large strain to the material. To relax this strain, dislocations are inclined and show a

large inclination angle for the sample with higher strain. Further information about the
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role of the inclined dislocations in strain relaxation in IlI-nitrides materials can be
found in references [148-150].

At this point, no definitive conclusions can be reached due to the low number of
dislocations observed in the wing region (figure 4.7), more work is required. Multiple
ECCI micrographs acquired under different diffraction conditions from different wing
regions are required. Unfortunately this sample contaminated very quickly, making the
acquisition of multiple ECCI micrographs difficult.

Table 4.1 summarises the results from both techniques. Inclined TDs are observed in

both the seed and wing regions. 4 out of the 130 TDs observed with both AFM and

ECCI were unidentified by ECCI because they were too close together to be resolved

as individual TDs.

AFM TD type ECCI TD type Total
a-type a-type 26
(a+c)/c-type (a+c)/c-type 25
a-type Inc. 72
(a+c)/c-type Inc. 3
126 total + 4
undefined by
ECCI
micrographs
dislocations

Table 4. 1: Show the comparison between AFM and ECCI from seed and wing

regions.
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The coalescence region:

To investigate the coalescence region in more detail and to study the behaviour of the
TDs, a short series of ECCI micrographs were obtained from the coalescence area
(middle of the wing) under different diffraction conditions. There is a change in the
rotation of approximately 30° between each condition. Figures 4.8.a-c show specific
areas of the coalescence region to highlight the behaviour of particular TDs under
different diffraction conditions. Figure 4.8.d shows the whole area imaged, with the
specific areas shown in figures 4.8.a-c marked. For figure 4.8.a and figure 4.8.d, the g
vector was estimated from the geometry of the sample to be approximately (1120)
with the majority of the TDs exhibiting strong black-white contrast parallel to the
[1120].

Figure 4.8.b shows ECCI micrographs acquired on rotating the sample by about 30°
to a g vector of approximately (1010). Figure 4.8.c shows ECCI micrographs acquired
on rotating the sample by a further 30° to a g vector of approximately (2110).

The majority of the TDs in the green box exhibit strongest contrast for a diffraction
condition of (1120). Three of the TDs exhibit strongest contrast for a diffraction of
(2110) and are identified as mixed dislocations (see TDs highlighted by pink box and

circles in  figure 4.8.d) with a probable Burgers vectors of

W=

[2113], §[2H§],§[2113] or §[211§] from g.b considerations (see Table 4.2). The
remaining TDs are probably a-type dislocations with a Burgers vector of %[1120] or

%[1120] from g.b considerations. The diffuse elongated contrast observed in figure

4.8.b may indicate that some of these dislocations are inclined a-type dislocations,
however the observed contrast is too diffuse to allow for any definitive conclusions.

Finally the red box highlights what appear to be dislocation loops.[151]
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(a)

(b)

(c)

(d)

T Estimated Burgers vector O& D :(a+c)-type dislocations | Outlining a-type dislocations along | | Dislocation
coalescence boundary loops

Figure 4. 8: The behaviour of inclined a-type and (a+c)-type dislocations under
different diffraction conditions with g vectors of approximately a) (1120), b) (1010)
and c) (2110) d) ECCI micrograph from whole coalescence region showing all
dislocations highlighted in a, b and c. In addition, some important hexagonal direction

are given.
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Green rectangle Pink box and circles
a-type dislocations with Burgers Mixed dislocations with Burgers
g vector vector = vector =
$[1120]/[110], 5 [T120]/[110] $[2113)/1101], 3 [2113]/[101]
9.b %[2113]/[101], % [2113]/[101]
g.b
Calculated Experimental Calculated Experimental
Observation Observation
(1120)/(110) 2 strong contrast 1 strong contrast
(1010)/(100) 1 visible contrast 1 strong contrast
(2110)/(210) 1 visible contrast 2 strongest contrast

Table 4. 2: Summary of the calculated visibility criterion in different diffraction
conditions and the experimental observation through ECCI micrographs in figure 4.8

for a-type and mixed ((a+c)-type) dislocations.

Tentative estimation of inclination angle:

The inclined TDs which fail to annihilate each other cannot end inside the material
[104] and reach the sample surface. TDs which incline at different angles are observed
in ECCI micrographs as lines with different length (see figure 4.6). Cross-section TEM
is the desirable and reliable technique to identify the inclination angles. However, ECC
micrographs can be used to estimate the approximate inclination.

The relationship between the length of lines and the inclination angles is given in the

following expression:

L=h tano/cos(0).......... [146, 147, 152]

Where L is the length of the elongated line, h is the electron penetration depth within
the sample (thickness of the sample in TEM measurement), a is the inclination angle,
and 0 is the sample tilt.

The electron penetration depth is a difficult parameter to determine but it can be
estimated from measurements. In ECCI the electron probe depth is estimated to be no
more than 100 nm [107]. Mansour et al.[153] estimated this value to be around 71 nm.

Deitz et al.[93] demonstrated that the electron probe depth is approximately equal to
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or less than the resolution of ECCI. Hence, | will assume the probe depth to be between
50 nm to 100 nm. The estimated length of the dislocation lines is between 100 nm-
190 nm, the accelerating voltage is 30 kV. The inclination angles approximately are
between 63°- 45° which is consistent with the previous study by Gradecak et al.[154]
In their study of ELOG GaN, the inclination of a- type dislocation was classified into
two angles 41°+ 7°and 62°+ 3°, in addition to the inclination mainly observed, which

was at right angles to the mask alignment direction.
4.6 Summary

Electron channelling contrast imaging (ECCI) in a scanning electron microscope was
correlated with atomic force microscopy (AFM) to reveal and identify threading
dislocations in a 17 um thick epitaxially laterally overgrown GaN film, where the
pattern for overgrowth comprised stripes parallel to the GaN [1100] direction. There
was one to one correlation of the dislocations revealed independently by AFM and
ECCI. ECCI revealed that some dislocations thread vertically through the sample, i.e.,
their direction is normal to the surface of the sample, while some are inclined, i.e.,
thread at an angle from the surface normal. Each dislocation was identified, using
complementary information provided by AFM and ECCI, as either an a-type or as a
c/(a+c)-type dislocation. There was complete agreement between both techniques
when they were independently used to identify the vertical threading dislocations. It
was harder to identify the inclined dislocations, with it being necessary to compare the
results obtained using both the AFM and ECCI techniques to unambiguously identify
these dislocations; the majority of inclined dislocations were identified as (a-type)
dislocations. In the seed region the inclination direction is towards the [1120]
direction; that is perpendicular to the stripe direction. This is attributed to bending of
dislocations as a result of the overgrowth process. In the wing regions the inclination
direction is towards the [0110] direction; that is at 60° degrees to the stripe. In this

case the inclination angle is thought to be driven by strain relaxation.
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Chapter 5

ECCI in the gaseous environment for
characterization of insulating
samples

This chapter demonstrates the use of the ECCI technique in the low vacuum mode in
the scanning electron microscope. It describes the mechanisms which enable ECCI
micrographs to be acquired in such an environment, utilizing gaseous secondary
electron detectors. A gaseous environment facilitates the imaging of insulating
materials which generally charge under the beam. The presence of gas in the chamber
enables amplification of the signal, allowing ECCI micrographs acquired in the
backscattered geometry to be obtained with improved signal to noise. This facilitates
the imaging of large samples. The chapter also discusses the impact of various factors,
such as detector bias, gas pressure, scan rate, working distance and sample geometry

on the quality of the ECC micrographs and discusses how these were optimized.

5.1 Introduction:

The numerous applications of IlI-nitride based UV-LEDs such as water purification,
curing, medical diagnosis, sterilization (for food, tools and surfaces) and gas sensing,
has resulted in a lot of effort being dedicated to identifying techniques to examine the
properties of these materials and contribute to reducing the structural defects of these
materials. AIN is one of the most important I11-nitride materials that is used to produce
optoelectronic devices in the deep UV. The reduction of defects in these material
defects contributes to an increase in the internal quantum efficiency (IQE) of AlGaN
based LEDs. [3, 155, 156]

90



A good method with which to study extended defects in semiconductors [87, 139] or
metals [88, 97] is the ECCI technique. As discussed in Chapter 3, it is an approach that
is performed in a scanning electron microscope (SEM). Obtaining an ECCI
micrograph from AIN is challenging since AIN is an insulating sample, and such
materials charge under electron beam excitation.

The build-up of negative charges on the surface of the sample leads to repulsion of the
incident electron beam and this causes numerous problems such as drift, low contrast,
and creates a blurry image. There are several ways to solve the charging problem, such
as coating the samples with conductive materials. Carbon is the most preferred for
coating due to its low atomic number. The coating process should be controlled
carefully to ensure that the strength of the measured signal is not reduced.
Alternatively, the low vacuum SEM mode helps to eliminate the charging and enhance
the signals. The wide application of the variable pressure-SEM (VP-SEM) for studying
biological samples, uncoated insulators, and semiconductor samples [157-164],
motivated me to characterize the AIN samples by using this reliable and non-
destructive technique. Performing ECCI in a low vacuum mode is a new approach that
lets us investigate the properties and defects in AIN samples. In this present work, 1
worked on and optimized the use of the gaseous secondary electron detector to obtain
ECCI micrographs from insulating samples with no need for any coating process.

All the ECCI micrographs in this chapter were acquired using the FEI Quanta 250
variable pressure FEG-SEM (Thermo Fisher). Typically, an electron beam energy of
30 keV, beam currents between ~2 nA to 4 nA, working distances between 10 mm
and 16 mm and gas pressures between 0.5 mbar and 1 mbar were used to perform
ECCI in a low vacuum mode. All images were processed after acquisition by applying
fast Fourier transform band-pass filtering in ImageJ to eliminate the horizontal lines

that are as a result of gas fluctuation during the scanning.
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5.2 The principle of the variable pressure SEM (VP-SEM)

The essential aim of studying charging samples in as natural state as is possible led to
researchers in the 1970s to innovate and produce an alternative SEM that was capable
of operating at high pressure.[81] This approach can be applied in the case of charging
(insulating or semiconductor materials), wet, dry, liquid and biological samples in the
low vacuum mode (high pressure). The low vacuum SEM or variable pressure- SEM
(VP-SEM) sample chamber pressure ranges between 0.1- 10 torr (= 0.1-13 mbar),
while the column remains under high vacuum (< 10 mbar). As illustrated in Figure
5.1, the main difference between VP-SEM and the conventional SEM (described in
chapter 3) is the pumping system and a series of pressure limiting apertures (PLAS).
There are three pressure zones in the VP-SEM that ensure a differential pressure can
be applied in the SEM. Figure 5.1 shows three pressure zones PO, P1, and P2. Any leak
in the gas from the sample chamber can be pumped out in the P1 zone (between the
two apertures), this is to keep the column and gun filament under high vacuum. The
sample chamber is under high-pressure PO which separated from the column which is
always kept under low-pressure P2. In the FEI Quanta ESEM, PLAL1 is located just
below the pole pieces with the gaseous secondary electron detector (GSED) placed
directly above the sample. The region between PLAL and PLA2 are kept under
intermediate pressure P1 (= 10! mbar) and are connected directly to the pumping
system.[165]

Numbers of gases have been utilized to date in the environmental SEM including air,
water (H20), N2, CO2, N2O, He, NHz and CH3CH>OH. Water vapor (H20) is the most
common gas used and was used in this present work. The inserted gas has two main
functions: it eliminates the accumulated negative charges from the sample surface and
acts as the media for amplification of secondary electrons (SEs) (explained later in this

section).
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I On-axis GSED

PO

A J ;
Sample

Figure 5. 1: The variable SEM parts, including three different regions in pressure PO,
P1, and P2 besides series of PLAs (PLAL and PLA2).
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Gas-primary beam interaction

In addition to the sample-primary beam interaction (explained in chapter 3), an extra
interaction will occur between the primary beam and the gas molecules as a result of
inserting any gas into the sample chamber of the VP-SEM. The primary beam, as a
result of the new interaction can be classified into two types: unscattered beam
(conserves its energy and its trajectory) and the scattered beam which has lost energy
and results in the beam probe becoming wider. The primary electrons (PESs) interaction
with inserted gas will produce the environmental secondary electrons ESEs which are
the basis of the gaseous secondary detection following the equation:

H,0+e~ > H,0% + e + e (ESEs)
The scattered beam leads to the formation of the beam skirt which affects the signal to
noise ratio and the image resolution as a result of generating SEs far away from the
focused beam which acts as a noise background to the image.
The beam scattering phenomena depends on various factors: the type of gas, gas
pressure, beam energy, and the working distance WD.
The radius of the skirt may be estimated using the equation derived by Danilatos [166]:

R=(0.364 Z/E) (p/T) Y2 L®?

Where, R = skirt radius (m)

Z = atomic number of the gas

E = beam energy (keV)

p = pressure (Pa)

T = temperature (K)

L = the beam-gas path length (m)

The total scattering cross-section of the gas is the main factor that is used to determine
the energy loss in the incident primary beam as also illustrated by Danilatos. This
factor depends on the energy of incident electrons and the type of gas. According to
Thiel, [167] the scattering cross-section of low energy electrons (SESs) is one to three
orders of magnitude greater than that of high energy electrons (e. g. PE, BSE). m is the

number of the collisions per electron m = gynd where n is the gas-particle
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concentration, d is the free mean path, o7 is the total cross section. Then the probability
that an electron suffers x number of collisions (x= 0,1,2,..) can be written as a

Poissonian probability formula :

5.1

mXe™m
!

p(x) =—
The number of electron-gas molecule collisions reduces as the distance the electron
travels through the gas reduces, this also reduces as the gas pressure is reduced. [166]

The gaseous secondary electron detectors (GSEDS)

In this present work two types of GSEDs were used and they will be discussed here;
an on-axis GSED, metallic ring 3 mm in diameter, and an off-axis GSED, comprising
a metallic plate. The on-axis detector is located directly below the pole piece and it
provides a small field of view. The off-axis detector is located off the pole piece axis.
See figure 5.2 which shows the detection mechanism of SEs in the gaseous
environment, where the off-axis detector is used.

An applied positive bias on the gaseous secondary electron detectors (GSEDS)
accelerates the emitted SEs from the sample, with energies which are typically a few
eV. The accelerated SEs are directed toward the GSED, which is located nearly above
the sample. When the kinetic energy of electrons are above the first ionization potential
energy of the gas (12.7 eV for H20), then they will ionize the gas. As a result of this
interaction, a positive ion and an extra free electron will be produced. The additional
free electrons are called the environmental secondary electrons (ESEs). The gas
amplification process is a continuous process as both electrons are accelerated and
cause further ionizations events, to simplicity, the diagram in figure 5.2 shows the
amplification process for one electron (green spheres). In the case of using H20 as
imaging gas, the generated ESE signal is up to three orders of magnitude (10%) greater
than the original emitting SEs from the sample surface.[164] [168]

In addition, the resultant heavy positive ions (blue sphere in figure 5.2) will drift

toward the negatively biased sample. The recombination between the positive and the
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negative charge on the sample surface, results in negative charges which accumulate

on the sample surface to be eliminated (charge neutralization).

mm PlLAl

© ions
© SEs + ESEs

Figure 5. 2: The gaseous secondary detection mechanism, in the case of using the off-
axis detector. Generated SEs from sample ionize the imaging gas molecules. Positive
ions move to land on the sample surface and the amplification process of SEs continue

and attracted by the positive bias detector.
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1. On-axis GSED
This detector is located directly above the sample so one can think about this as a
capacitor which contains two parallel plates separated by distance |. While the upper
plate (electrode) held at +V bias and the lower plate (sample) is earthed (V=0), the
electric field between the detector and sample is constant E=V/I. This detector required
higher pressure in the range of 1-20 Torr (=1-26 mbar). The beam-gas path length is
equal to the sample- detector distance see figure 5.3.a. As the working distance is
decreased, the amplification process decreases as well (or in other words, the distance

between the sample and the detector is decreased as well).

2. Off-axis GSED

The off-axis detector has the potential to show a large field of view, it is also known
as the large field detector (LFD). This detector follows the same principle of gas
amplification. The location of this detector is off-axis in the SEM as shown in figure
5.1 . The off-axis detector can provide a very excellent signal at low pressure with
maximum pressure of 1.5 mbar. This detector allows scanning at short working
distance to minimize the beam-gas path length (to reduce the beam scattering).While
at the same time the distance between the sample and detector can be kept larger than
the beam-gas path length see figure 5.3.b. Thus the amplification process here is much
larger than in the case of on-axis detector, or in other words the ion flux reaching the
sample is much larger.[167]

This detector can be used in low pressure at a short working distance and still give a
very acceptable signal. It is very good for imaging insulator samples that require more
ions to overcome the charging issue (large amplification process), however it is not
ideal for imaging were high pressure is required (hydrated sample), in such a case the

on-axis detector is the more appropriate detector to use.
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Figure 5. 3: Shows that a) the on-axis GSED where the beam-gas path length (blue
arrow) is equivalent to the sample-detectoe distance (green arrow), b) the off-axis
GSED where the beam-gas path length (blue arrow) is not is not equivalent to the

sample-detectoe distance (green arrow).
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5.3 ECCI technique as a new approach in VP-SEM

The interaction between the electron beam and the sample leads to the emission of
several signals from the sample which provide different information about the
sample’s properties, such as structural, chemical composition, and topographical
information. The electron signals, that is secondary electrons (SEs) and backscattered
electrons (BSES) are the main focus in this chapter. SEs can, as previously discussed
in chapter 3, provide us with the surface topography, and the BSEs supply both surface
topography and for appropriate samples compositional information. With the sample
placed at or close to the Bragg’s condition, this can provide us with diffraction
information and thus provide structural information on the sample. [87, 92, 139]
Emitted SEs have energy of ~ 5 eV which is insufficient to ionize the gas (in the case
of water vapour the first ionization potential *12.5 eV), so an electric potential applied
to the GSED electrode will increase their kinetic energy to a value which is sufficient
to ionize the gas molecules by ejection of bound electrons and forming positive ions
that participate in neutralizing the charging sample. Its worth mentioning that the
primary beam and BSEs contribute in the gas ionization process however, the SEs have
the highest interaction cross section. As a result, the signal provided by GSEDs is
dominated by SEs signal. [83, 159, 167, 169]. The original emitted SEs and the ejected
electrons of the gas molecules either by SE, BSE or even by the primary beam will be
all accelerated by the applied bias, leading to continuous gas ionization events forming
the cascade of SE signal, increasing the signal by up to three orders of magnitude.[170-
172]

The image generated from the gaseous secondary electrons detector GSEDs when the
sample is placed at or close to the Bragg angle, is a synthesis of topographic and
diffraction information. The diffraction contrast that is provided here by detecting the
secondary electrons SEs, is attributed to the fact that the diffraction of the primary
beam PE modulates all generated signal intensities of the samples e.g. BSEs, SEs, and
the light emission signal. [21] Figure 5.4.a shows the ECC micrograph that is produced
by GSED, specifically by the large field detector (the off-axis detector), from an AIN
thin film.
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Figure 5. 4: ECCI micrographs acquired at tilt 64.6° of AIN thin film from a) the large
field detector LFD b) the forescattered solid-state detector that located under the EBSD
detector. The accelerating voltage is 30 keV for both images, and the gas pressure is
0.6 mbar.

The image clearly reveals threading dislocations (TDs) as the sample is oriented at a
diffraction condition, and surface atomic steps. Figure 5.4.b shows the ECCI
micrograph provided by the conventional solid-state detector from the same area at the
same time. There is one to one correlation in TDs between the LFD and the
conventional solid-state detector. The images were produced under the accelerating
voltage of the electron beam of 30 keV, gas pressure of 0.5 mbar, both images acquired
at the high tilt of 64.6° and a working distance of 11 mm. The bias on the LFD was
+230V. Section 5.4 discusses the impacts of these parameters on the quality of the
acquired images.

Even though there is no significant difference in dislocation contrast and the
dislocation density derived from both images acquired by both detectors, however the
detectors function is different. The solid-state detectors collect the high energy BSEs
while the GSED, as mentioned before, collects the low energy electrons. It is an
obvious difference that the image obtained by the forescattered detector does not show

any atomic steps however, atomic steps are clear in the image obtained by LFD. The
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contrast in the images acquired with GSEDs does not appear to be dependent on the
relative positions of the sample and detector.

At low magnification, an ECP for the single crystal AIN thin film was captured by the
LFD (ECP was described in Chapter 3). Obtaining the g vector from the ECP pattern
will help to identify the type of TDs. Figure 5.5., shows that the pattern center is
located on the Kikuchi band from a (11-20) plane, so the estimated g vector is (11-20).

Figure 5. 5: Shows ECP that acquired using off-axis GSED, and the red circle is the
pattern center. The g vector is (11-20)

Images exhibiting diffraction contrast can also be acquired with the on-axis detector.
Also, related to this detector, its position is not playing any significant role in the
contrast observed in the ECCI micrograph or ECPs. Since positive bias is applied to
the GSEDs, the sample and detector act as a capacitor, and the electron direction is
toward the detector out from the sample (which is as the negative plate of the
capacitor). Figure 5.6 demonstrates the capability of the detectors to produce ECCI
micrographs in both backscattered and forescattered geometries with a spatial
resolution of approximately 30 nm at a gas pressure of 1 mbar. The on-axis detector
can reduce the effect of the beam skirt at high gas pressure thus allowing ECCI
micrographs of high signal to noise ratio to be obtained.

Hence, this new approach can be an alternative to a backscattered detector that is

placed under the pole piece of SEM and the forescattered detector that may be located
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under the EBSD system. The GSEDs offer the flexibility to tilt the sample between 0°

to 70° to achieve a wide range of diffraction conditions.

Figure 5. 6: Shows the ECCI micrographs of AIN thin film not from the same area
obtained used the on-axis detector (the ring) located under the pole piece; the image
acquired a) at tilt 0°, the dotted circle shows a cluster of TDs with the separation
distance ~ 30 nm. b) at tilt 65°. The accelerating voltage of 30 keV, gas pressure of 1

mbar.

5.4 The effective parameters on ECC imaging in VP-SEM

5.4.1 Effect of detector bias

Typically, around +250 V positive bias is applied to the off-axis gaseous secondary
electron detector (GSED) to attract electrons emitted from the sample. As a result, a
series of gas ionization and the generation of the environmental SEs, an amplified
current will be produced. Figures 5.7 a, b, ¢, and d are a series of images with different
bias/contrast setting 100%, 75%, 50%, and 25%, respectively. The images illustrate
the significant influence of the detector bias on the image in terms of signal to noise
ratio. The highest bias is desirable, as shown in figure 5.7.a in that more electrons will
be accelerated and attracted by GSED to contribute in imaging. For figure 5.7.d, in
which the bias is 25%, this leads to unclear surface features (black dots). Also, the
dislocations that surrounding by the red circles in all four images in figure 5.7, become
invisible in figure 5.7.d. In figure 5.7.a and b those two dislocations are clearly visible.
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All acquired ECCI micrographs were obtained under the same conditions: beam
current and accelerating voltage of 30 keV, dwell time of 100 ps, and the sample was
tilted to 64°.

To investigate the impact of detector bias on the amplification process, the sample
current was measured as a function of accelerating voltage and contrast setting
(detector bias). It was measured by using the Faraday cup and an electrometer. In brief,
you mount the Faraday cup (it's a piece of metal with a hole in it) that collects the
electrons, and the output of this is connected to the electrometer to measure the current.
The plot in figure 5.8 shows the values of the sample current for each contrast value.
As the detector bias is increased, the sample current also increases. The examined
values of detector bias are between 100%-50%. From the plot, the sample current at
50% of detector bias is close to the zero value for all accelerating voltage of 10 keV,
20 keV, 30 keV. While in the case of increasing the detector bias to 100% (+250 V)
the sample current reach the values of 40 nA, 90 nA, 130 nA for accelerating voltage
of 10 keV, 20 keV, 30 keV, respectively.

The sample current is a sum of the electrons and ion current, as Mohan et al.[161]
experimentally showed that in the high vacuum SEM mode, the sample current with
negative value (only electrons) is independent of the detector bias. Where introducing
the gas to the chamber is changing the sign to positive (ions flux) and become
dependent on the detector bias. Similar results to Mohan et al. [161] result, the sample
current increased as the detector bias is increased. Note that in Mohan et al. study they
used the on-axis detector where here the off-axis detector was used.

To compare the images in figure 5.7 to the result obtained from the plot in figure 5.8,
the higher ion flux reach the sample mean higher amplification signal that reach the
detector. Image with higher signal to noise ratio obtained at close 100% of the detector

bias value.
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Figure 5. 7: Shows the impact of changing the detector bias by changing the contrast
setting of the gaseous secondary electron detector to (a) 100 %, (b) 75%, (c) 50 %, and
(d) 25 %. The signal strength decreases as the bias voltage is decreased. All four ECCI
micrographs are acquired with the same beam current and an acceleration voltage of

30 keV, dwell time of 100 ps, and a sample tilt of 64°.
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Figure 5. 8: Shows the plots of the magnitude of the sample current (nA) as a function
of the various accelerating voltages (keV) and the detector bias (%) for fixed gas

pressure of 0.5 mbar and spot size of 6.

5.4.2 Effect of gas pressure

The influence of gas pressure on the spatial resolution was investigated. Comparing
images acquired as the pressure was increased revealed a slight degradation in the
resolution with increased pressure, this is illustrated in figure 5.9. Note that in the
image of figure 5.9 a, two very close dislocations clearly can be resolved as separated
dislocations, whereas in ¢ they can be no longer resolved and appear as a single
dislocation. It is also obvious on comparing the three images that by increasing the gas
pressure, the signal to noise ratio is slightly decreased as well. As the gas pressure
increased to very large amount, the gas molecules could prevent the SE current from
reaching the GSED in addition, cause the primary beam to be scattered.[167] All three
ECCI micrographs were acquired with the same beam current and an acceleration

voltage of 30 keV, dwell time of 100 us, and a sample tilt of 52°.
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Figure 5. 9: ECCI micrographs of AIN thin film acquired at the same beam current and

an acceleration voltage of 30 keV, of tilt of 52°, dwell time of 100us, and of gas
pressures (a) 0.3 mbar, (b) 0.5 mbar and (c) 0.8 mbar. The inset image in (a) shows
two dislocations that can be resolved at a gas pressure of 0.3 mbar. However, on
increasing the gas pressure to 0.8 mbar (inset in image c), the individual dislocations

are no longer resolved.

Figure 5.10 shows the plot of the magnitude of the sample current (nA) as a function
of the various accelerating voltages (keV) for different gas pressures of 0.5, 0.7, and
1 mbar respectively at spot size 6. Clearly, increasing the gas pressure increased the
total ions that reach the sample. If the data from the plot are compared to the ECCI
micrographs in figure 5.9, that mean increasing the gas pressure should be controlled
carefully as this increase may have negative effect on the image even though it is
lead to increasing the signal amplification process.
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Figure 5. 10: The impact of gas pressure in VP-SEM on the beam current. It
significantly increased as the gas pressure increased. at 0.5 mbar, 0.7 mbar, and at 1
mbar for different beam accelerating voltage (5, 10, 20, 30 keV) for spot size of 6.

5.4.3 Effect of scan rate

Increasing the length of time you take to acquire images in the VP-SEM will improve
your signal to noise ratio by eliminating random noise, just as is the case for high
vacuum -SEM mode. [173]

Here | investigated the effect of the dwell time on acquired ECCI micrographs with
the off-axis detector. Figure 5.11 shows the difference between images acquired with
different dwell times. It is clear that a long scan improves the signal to noise ratio, and
as a result, a high quality image can be obtained. Under the long scan rate, the TDs
become visible. Note that from figure 5.11.c and d, horizontal bright and dark bands
are introduced to the image, their density is proportional to the scan time. This as a
result of the fluctuation of gas pressure during the scan. An FFT- bandpass filter in the
ImageJ imaging software is used to remove any horizontal or vertical lines that are
introduced to the image during the scan. Figure 5.11 a, b, ¢ and d are the image
acquired at a dwell time of 1 ps, 10 ps, 100 ps, and 1000 ps respectively. While e, f,

0, and h are the same images respectively after applying FFT bandpass filter.

107



Figure 5. 11 ECCI micrographs of AIN thin film acquired at the same beam current

and an acceleration voltage of 30 keV, tilt 52°, 11.4 mm working distance and at
various dwell times of (a) 1 us, (b) 10 us, (c) 100 ps and (d) 1000 ps. The dark and
bright horizontal lines observed when the scan time is long (¢ and d) are due to
fluctuations in the gas pressure. (e-f) show the images after FFT band-pass filtering
to remove the horizontal lines. All images were taken with an image resolution of
1024 x 884.

5.4.4 Effect of working distance

The beam-gas path length (= working distance), is a crucial parameter for the cascade
amplification process of electrons in the VP-SEM. Similarly, the distance between the
sample and the GSED should be taking into consideration when acquiring images. This
section reports on the investigation of the impact of the working distance on the quality
of the generated ECCI micrographs. A greater amplification can be acquired at the
longer gas path length; however, at a low vacuum moving the sample too far away
from the objective lens can negatively affected the quality of images as the sample is
moved away from the focused beam. Figure 5.12 a, b, ¢, and d shows images acquired
at working distance at 6 mm, 8 mm, 11 mm, 14 mm respectively, obviously, there is
not a large negative impact on the image quality since the change in working distance
was very slight. The images shown in ¢ and d are slightly noisier when compared to
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the images in a and b, this may be as a result of changing of the signal to noise ratio
by increasing the working distance. This noise is due to increasing the beam-gas path
length which lead to beam scattering by the gas molecules (beam skirt issue), as a
consequence the skirt electrons will interact with the surrounded area of the studied
area and resulting noise. [83]

In the present result, all four images in figure 5.12 contain similar surface and
diffraction information. All ECC micrographs in Figure 5.12 are acquired at the same
conditions beam current and an acceleration voltage of 30 keV, P= 0.5 mbar, dwell

time of 100 us, and a sample tilt of 0°.

“WD=11mm MWD=14mm

Figure 5. 12: ECCI micrographs of AIN thin film acquired at the same beam current
and an acceleration voltage of 30 keV, of tilt of 0°, dwell time of 100 ps and various
of working distance between the sample and the pole piece to (a) 6 mm, (b) 8 mm, (c)
11 mm and (d) 14 mm.
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Figure 5.13 shows that The sample current at 30 keV at working distance of = 14 mm
is = 70 nA higher while the sample current at working distance of 10 mm is 40 nA.
Clearly this plot show that the sample current (ion flux) increases as the working
distance is increased. To conclude, an increase in the gas amplification is obtained by
increasing the working distance. However, it should be taken into consideration that
on increasing the working distance, the gas-beam path length will also increase and
cause the beam scattering that lead to affect the signal to noise ratio. All acquired data

in the graphs figure 5.13 acquired under vacuum 0.5 mbar.
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Figure 5. 13: Shows the plots of the magnitude of the sample current (nA) as a function
of the various accelerating voltages (keV) and the spot size for fixed gas pressure, at
working distance = 13.8 mm and 10.2mm and the information obtained under the gas
pressure of 0.5 mbar and spot size of 6. The influence of increasing working distance,
as well as the beam-gas path length increases, the current increased as shown from

graphs.
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5.4.5 Effect of sample geometry

Increasing the tilt of the sample so that it is in the forescatter geometry increases the
BSE yield as well as the yield of SE. Figure 5.14 shows two images that demonstrate
the effect of modifying the tilt of the sample from 0° to high angles on the ECCI
micrograph in VP-SEM. The difference between the two images is that figure 5.14.a,
which is acquired at 0°( backscatter geometry), shows the signal to noise is improved
due to the higher SE yield and that obvious from the topography information observed
in the image. While in figure 5.14.b, the 70° tilt (forescatter geometry) the image
contrast (the signal to noise ratio) increased. It is proof of the statement which includes
the position of the GSEDs has no significant impact on the image except that the tilting
sample modifies the electrons yield, and consequently, the contrast and the spatial
resolution of the image will be affected as well. From the two images, there is a one to

one correlation in the dislocations seen in both images. Both ECC micrographs are

acquired under similar conditions of the beam current and the accelerating voltage of
30 keV, 0.5 mbar, and dwell time of 100 ps.

Figure 5. 14: ECCI micrographs of AIN thin film acquired at the same beam current
and an acceleration voltage of 30 keV, dwell time of 100 ps and sample tilt at (a) 0°
tilt, ideally used in the backscatter geometry and (b) 70° tilt, often used in the
forescatter geometry.
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5.5 Summary:

In conclusion, this chapter demonstrate the capability of using the variable pressure -
SEM (VP-SEM) to conducting ECCI measurements on semiconductor or insulating
samples). The working principle for this mode is based on that the accelerated
electrons (most likely SEs) ionize the H.O molecules to produce positive ions and
extra electrons (ESES). The positive ions participate in eliminating charging where the
resultant electrons will continue the ionization process. Also the ability of gaseous
secondary electron detectors GSEDs (either on-axis detector or off-axis detector /LFD)
to produce high quality ECCI micrographs and ECPs has been demonstrated. The
signal provided by the GSEDs is a result of detecting the SEs under diffraction of the
primary beam, which affects the intensity of all outcoming signals (e.g. BSEs, SEs,
etc.). The imaging in the VP-SEM is affected by various parameters like the detector
bias, gas pressure, scan rate, working distance, and the sample geometry.

In this research it was found that the detector bias must be set at a large value, all
images in this thesis were obtained with the detector bias above 90% (= 230V). The
gas pressure is a crucial factor in ECC imaging, in that a high amount of gas in the
chamber can degrade the image quality hence, gas pressures of ~ 0.5 mbar were used
for the images presented in this thesis as this was sufficient to overcome the charging
problem and provide acceptable images. Long scan times will successfully improve
the signal to noise ratio by removing the noise. However, this led to line artefacts in
the images due to gas fluctuations which were removed by applying an FFT filter in
ImageJ software. Larger working distance can provide higher sample current (ions),
however at the same time can decrease the signal to noise ratio as a result of the
primary beam scattering by the gas molecules. Images in this thesis where taken with
working distance around 10-11 mm. The last parameter is the sample geometry, the
sample at the horizontal (0° tilting) and at sample tilting at 70° exhibits no difference
in the image information except the sample at 70° has more signal to noise. Next
chapter is an application based on this chapter, all ECCI micrographs of AIN samples
in chapter 6 are produced using the gaseous secondary electron detector GSED (off-
axis detector) in VP-SEM.
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Chapter 6

Characterization of AIN/nPSS thin
films by SEM

In this chapter results from five AIN samples overgrown on nano patterned sapphire
substrates (NPSSs) by MOVPE are discussed. In this case, the nPSS was patterned with
nanopillars. The samples are divided into two series. In the first series, the influence
of substrate miscut on the morphology and structural properties (e.g., step bunching,
threading dislocation (TD) density, dislocation type and misorientation) is investigated
by comparing results for two samples with a substrate miscut of 0.1° and 0.2°
respectively. In the second series, the results from three samples are compared to
explore the influence of the nanopillar dimensions, specifically pillar diameter, on step
bunching, TD density, dislocation type and misorientation. ECCI was used to
determine the TD density and the relative percentages of edge dislocations and
dislocations with a screw component, and explore the relationship of dislocations and
sub-grains in the AIN/nPSS thin films. EBSD was used to investigate the magnitude

and sense of the relative misorientation of the sub-grains.

6.1 Introduction

The significant applications of AlGaN deep UV-LEDs in the medical field and water
purification motivated research to produce high-performance of UV-LEDs through the
growth of LED structures on high-quality AIN/sapphire templates. [174, 175] Such
templates of high quality can be achieved via defect reduction mechanisms using
nPSS, which can be performed in MBE, MOVPE/MOCVD or HVPE reactors,

discussed briefly in chapter 2.
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Kneissl et al [3] obtained a TD density of ~5x10%cm2 for an AIN/nPSS epilayer grown
by MOVPE to a thickness of 2.5 um. This was lower than the density of TD from a
sample grown on a conventional sapphire substrate, which estimated to be ~1x10%°
cm~2. Such a reduction in TDs density improves the internal quantum efficiency of
UV-LED structures from ~5% to ~40%. Considerable improvement in the structural
properties of AlGaN grown on AIN/nPSS in comparison to the one grown on the
conventional sapphire substrate, a high-quality AlGaN epilayer with a smooth surface
and significant reduction in TDs can be achieved. [176] Tasi et al.[177] found that the
screw and edge dislocations density had decreased for an AlGaN sample grown on
nPSS, utilizing a nano hexagonal hole pattern, compared to the one grown on the
conventional substrate. They revealed that, for example, the screw dislocations density
reduced from 7 x 10° cm™2 (for the sample grown on conventional sapphire) to 1-2
x10° cm™2 (for the sample grown on AIN/nPSS measured) of 3 um thick samples
grown by HVPE.

In addition, as discussed previously in chapter 2, the growth of samples on miscut
substrates can lead to a reduction in the density of TDs as shown by Gkanatsiou et
al.[178]. They demonstrated a decrease in the TD density for GaN layers from 9
x10%m? to 3 x10%m? as the substrate miscut angle was increased from 0° to 2°. Also,
in a study to investigate the impact of miscut angle on the misorientation grain
boundaries, Shen et al. [61] reported a decreased in the in-plane and out-plane grains
misorientation of GaN samples with a miscut angle larger than 0.5° in addition to the
reduction in the density of TDs.

In the present work, to explore the influence of the miscut angle on the morphological
and structural properties of AIN/nPSS thin films, two samples grown on nano
patterned sapphire substrates with different miscut angle were investigated (samples
A, miscut angle = 0.1° and sample B, miscut angle ~ 0.2°), see table 6.1. The properties
of sample A and sample B are summarised in Table 6.1.

In nPSS technology, the dimensions of the pattern are crucial. The pattern
configuration with the film thickness influence the sample properties. For example,
Zhang et al.[58] studied the impact of the hole size for nPSS patterned with holes with
hole diameters of 300 nm, 450 nm, 650 nm, 800 nm respectively, on the properties of

6 um thick AIN/nPSS samples. Their XRD measurements revealed that the narrowest
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full width at half maximum (FWHM) was obtained for the sample with the hole
diameter of 650 nm, which lead to conclude that the lowest misorientation (in-plane
and out-plane) of sub-grain boundaries was obtained for this sample as well as the
lowest density of TDs.

In the research reported here, to explore the influence of the pattern dimension size on
the structural properties of AIN/nPSS thin films, three samples with a different top and
bottom diameter of the pillars were investigated, sample C (= 250 nm and 400 nm
respectively ) and sample D (=275 nm and 430 nm respectively) and sample E (=310
and 460 respectively). The properties of samples C, D and E are summarised in Table
6.1.

6.2 Sample fabrication

In this chapter five samples are investigated and their structural properties and
morphology are compared. All samples were grown using nanopillar nPSS (nano
patterned sapphire substrates), briefly described in section 2.4.2. The samples were
grown as described in Walde et. al. [63]. Figure 6.1.a demonstrates the growth process.
First, the growth started on a 2-inch wafer. The metal nanodots mask were deposited
on the sapphire by using displacement talbot lithography (DTL) and lift-off. The
resulting array of nanopillars were transferred into the sapphire via dry etching in a
chlorine solution. The overgrowth of AIN on nPSS has been done MOVPE reactor.
The nanopillars are illustrated in scanning electron microscopy (SEM) image in figure
6.1.b and schematically cross-sectional in figure 6.1.c. The thickness of the samples
is about 7 um. To simplify, we can name the samples as sample A and B where the
full description of the samples is listed in table 6.1. The table demonstrates that the
sample A and B are similar in pillar dimensions (that the pillar height, bottom diameter,
and top diameter are 260 nm,430 nm and 280 nm respectively) however the difference
was in the miscut angles of the substrates, which are 0.1° and 0.2° respectively toward
sapphire m plane. Sample C, D and E are similar in the miscut angle of 0.1° toward
sapphire m plane and different in pillars dimensions (top and bottom diameters, see
table 6.1). The sidewall of the pillars facets tilted by 75° towards the sapphire c-
plane.[63, 64]
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Figure 6. 1: a) Shows the process of nPSS fabrication (original from[63]), b) shows
the SE image of nanopillars sapphire, c) scheme of the epitaxial growth of AIN on
nPSS. b and ¢ provided from the University of Bath and FBH.
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Sample Substrate offcut
No. towards sapphire
m-plane (degrees)

Substrate { A 0.1

miscut B 0.2

C 0.1

Pattern D 0.1
dimensions

E 0.1

Table 6. 1: The description of the samples studied in this chapter.

Pillar
height
(nm)
260
260

310
310

310

6.3 The experimental methods

ECCI and EBSD measurements were carried out using an FEI Quanta 250
environmental secondary electron microscope (ESEM). The ECCI and EBSD
experimental setups were described previously in chapter 3. The EBSD system used
here is Oxford Nordlys instruments. ECCI micrographs obtain by the off-axis gaseous

secondary electron detector (off-axis GSED). MTEX software was used to generate

EBSD maps.[179]
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6.4 The influence of substrate miscut on AIN/nPSS thin

films epilayer

6.4.1 The ECCI results

Figure 6.2 shows ECCI micrographs, acquired from areas of order 40 x 40 um?2 in size,
from Samples A and B, demonstrating the differences in their surface morphologies.
Figure 6.2.a shows the surface morphology of sample A, revealing step bunches,
hillocks, and sub-grains. The step bunches are described as bunches of monoatomic
steps (indicated by yellow arrows), their height is generally several monoatomic steps
higher. Sub-grains of different orientations are revealed as regions exhibiting different
greyscale. In the same image, one can observe wide terraces between the step bunches.
The length of the steps bunches are typically 6-7 um long, no continuous steps bunches
running across the whole sample were observed. The density of step bunches is
measured to be = 0.5x10° cm™. By increasing the substrate miscut angle to 0.2° in
sample B, the step bunches density increases to =~ 1.5x103 cm™*. The ECCI micrograph
(Figure 6.2.b) from sample B shows the steps bunches and sub-grains for this sample.
The majority of the step bunches in this sample are continuous, running across the
whole sample. As discussed previously (chapter 2, section 2.4) increasing the substrate
miscut angle leads to a decrease in the distance between the step bunches, thus an
increase in the density of the step bunches. For sample B, the minimum distance
between step bunches was measured to be = 3 pm. The step bunches height is measured

by AFM to be =~ 10 nm. [63]
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Figure 6. 2: Shows ECCI micrographs of sample A and B to illustrate the different
surface morphologies, a) ECCI micrograph of sample A reveals small step bunches
(indicated by yellow arrows), hillocks (inside the pink box), and sub-grains, b) ECCI
micrograph of sample B demonstrates a higher density of step bunches compared to
sample A. All images are acquired in the variable pressure SEM using off-axis GSED

and under a beam of energy 25 keV, a gas pressure of 0.5 mbar and tilt of =50°

Figure 6.3 shows ECCI micrographs acquired at higher magnification, from areas of
order 6 x 6 pum? in size, obtained from both samples. Figure 6.3.a shows an ECCI
micrograph for sample A which distinctly shows the TDs as they are threading up to
the surface with black-white contrast, and also shows sub-grains and monoatomic
steps. At this point, one can notice arrays of TDs align up along the sub-grain boundary
(inside the dashed yellow box). As the misorientation of these sub-grains is related to
in-plane rotation, see section 6.6, the arrays of dislocations located at the boundaries
are assumed to be pure edge dislocations with Burgers vectors perpendicular to the
boundary plane. The observed black-white direction is consistent with the assumption
in ref [37]. The density of TDs is measured at this magnification, and it is estimated to
be 1.5x10° cm™ for this sample.

Figure 6.3.b is an ECC micrograph from sample B, The image shows the TDs, sub-
grains, monoatomic steps and step bunches. Similar to sample A, pure edge
dislocations align along the in-plane rotation boundaries. The density of TDs in this

sample estimated to be 8 x 10® cm™2. In sample B, the terraces between the step bunches
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contain several atomic steps (monoatomic steps) which were shown previously in ref.
[59].

On comparing these two images, the dislocations located at the sub-grain boundary
highlighted by the dashed yellow box in figure 6.3.a for sample A, have a higher
density than the dislocations at the sub-grain boundary highlighted by the dashed
yellow box in figure 6.3.b. Note also that the difference in greyscale for sub-grains on
either side of the highlighted sub-grain boundary in sample A is clearly discernible,
whereas the difference in greyscale for sub-grains on either side of the highlighted sub-
grain boundary in sample B is barely discernible. This indicates that the misorientation
between the sub-grains in sample B is smaller than in sample A. This observation is
consistent with the observed difference in dislocation density, as the misorientation
angle increases proportionally with the density of aligned dislocations. [180] However
the observed differences in greyscale, while providing an indication of the magnitude
of misorientation between the neighbouring sub-grains, does not provide a quantitative
measure of their relative orientation, hence an EBSD measurement is required. EBSD
measurements are discussed in section 6.6.

To confirm the ECCI results, especially in the case of sample B, results were compared
to those obtained using the selective defect etching method, which was carried out by
Walde et al.[63]. The techniques show complete agreement in the case of the TD
density for sample A. In the case of sample B, there was a small difference in the
density of TDs as it was found to be 9x10® cm2 by the selective defect etching method.
The logical explanation of this small deviation between the results acquired by these
two techniques, is that the contrast for TDs which line up at the step edge cannot be
resolved with ECCI, as the step bunch contrast dominates in this case. While in the
selective defect etching method, the dislocations which align along the step bunch edge
appear as a line of pits see figure 6.4, the yellow rectangle highlights the dislocations
that line up at the step bunch in sample B.

Also, it is well known from previous studies that increasing the miscut angle leads to
an increase in surface roughness. [71, 181] The samples’ surface roughnesses were
measured by Walde et al. [63] with AFM. Sample A (miscut 0.1°) has a root mean

square (rms) roughness value of 0.9 nm and for sample B (miscut 0.2°) it was 3.7 nm.
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Figure 6. 3: Show ~6 x 6 um2 ECCI micrographs of the sample A and B, a) high
magnification image of the sample A that shows a closer look at the TDs (dots with
black-white contrast) and sub-grains, b) high magnification image of the sample B that
show TDs, sub-grains and step bunches. Both images were acquired in the variable
pressure SEM using off-axis GSED and under a beam of energy 25 keV, a gas pressure
of 0.5 mbar and dwell time 100ps, and tilt = 50°. The yellow rectangles highlight TDs

that align with sub-grain boundaries.

Figure 6. 4: Demonstrating the selective defect etching method image. The image
was obtained from sample B, where the yellow rectangle surrounds the dislocations

that align with the step bunch.
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6.4.2 ldentification of TDs

Two ECCI micrographs were obtained from the same area under different diffraction
conditions to identify the types of TDs through monitoring the direction of the black-
white contrast under different diffraction conditions as described in Chapter 3, figure
3.13. The application of this method was made more difficult for these samples as the
second image was generally of poorer quality as a result of carbon contamination after
the first scan.

The majority of dislocations in both samples were identified as pure edge dislocations.
Measurements revealed that for sample A approximately 90% of the dislocations are
pure edge. 8% of them were identified as screw/ mixed dislocations, while the
remaining 2% could not be identified due to the poor quality of the second image.

On increasing the substrate miscut from 0.1° to 0.2° i.e., for sample B, the percentage
of edge dislocations decreased to 70%. 25% were identified as screw/mixed
dislocations and the remaining 5% were undefined due to poor image quality. In
general, for AIN thin films, the percentage of screw component dislocations is found
to be significantly lower than the percentage of edge dislocations. [58]

In addition, TDs can be identified using selective defect etching where the smaller pits
are attributed to edge dislocations, and the bigger ones are attributed to dislocations
with a screw component. [182] This is illustrated in figure 6.5; yellow circles indicate
pits related to the edge dislocations and the big green circles to dislocations with a
screw component. For both samples (sample A and B) there is a good agreement
between ECCI and the selective defect etching method in determining the relative
percentages of edge and screw component dislocations.
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500nm

Figure 6. 5:1llustrates the identification of TDs by a selective defect etching method.
The right image is marked to indicate the types of dislocations. Yellow small circles
indicate edge dislocations while the big green circles indicate screw component

dislocations. This image was acquired from sample B.

6.4.3 The impact of step bunches on TDD

The reduction of TDD for sample B in comparison to sample A, can be related to the
greater density of step bunches in sample B which was explained previously in chapter
2 section 2.4.3. The reduction of TDs in sample B is attributed to those inclined
dislocations that meet with the vertical ones and either annihilate each other, form
dislocations loops leading to reduction of dislocations density or end up aligning at the
step bunches edge as Walde et al.[63] show for sample B. Figure 2.12 shows the TDs
reduction mechanism, the interaction of the inclined and the vertical dislocations.

Shen et al.[183] demonstrated previously that the edge dislocations tend to incline
toward the step bunches which can lead to two dislocations to interact with each other
and either annihilated each other (if they have opposite Burger’s vectors) or form a
single dislocation (if they have different Burger’s vector). The edge dislocations tend
to incline toward <1120> and <1100> directions which are the slip planes for edge
dislocations. Also, mixed dislocation can be expected to bend because of their edge
components. While screw dislocations do not tend to bend toward <1120> and
<1100> directions and commonly thread vertically toward [0001]. [184] The role of
step bunches more likely affect the density of edge dislocations which is consistent

with the ECCI results where the step bunches inverse proportional with the pure edge
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density. The growth on the miscut substrate can be used as a method of dislocation

reduction.

6.5 The influence of pattern dimension on AIN/nPSS thin

films epilayer

To study the influence of the substrate pattern configuration, | studied three samples
with a different top and bottom pillar diameter with the same substrate miscut of about
0.1°, see table 6.1. Figure 6.6 shows ECCI micrographs ~10x10 pum? acquired from
these samples. Sample C (see figure 6.6.a) has the top and bottom diameter of the
nanopillars around 250 and 400 nm respectively and exhibits a high density of step
bunches that run across the whole sample in comparison to the other two samples. It
has a step bunch density of 4x10% cm™ with a minimum terrace width measured to be
around 2 um. Figure 6.7.a shows a higher magnification ECCI micrograph (6x6 um?)
which shows TDs and sub-grains, atomic steps and step bunches. The yellow box
highlights TDs on the boundary of the sub-grain. The total density of dislocations was
found to be 5x108 cm™. The red arrows indicate curved atomic steps which tend to
follow spiral growth. This is more obvious in the high magnification ECCI
micrographs of figure 6.8 that was obtained from the same sample.

By increasing the top and bottom diameters of the nanopillars to be around 275 nm,
and 430 nm respectively, one can notice a decrease in the density of step bunches in
sample D (figure 6.6.b ~10x10 pm? in size) with a minimum terrace width of =~ 4 pum.
The density of the step bunches was found to be 1x10° cm™. The length of the step
bunches is about = 2-20 um, lower in comparison to sample C. The ECCI micrograph
shown in figure 6.7.b was acquired with higher magnification with an image size of
~6 x 6 um2. The image reveals TDs with black-white contrast, it also shows sub-grains
and monoatomic steps. The density of TDs in this sample is estimated to be 1 x10°
cm 2, which is higher when compared to sample C. The sub-grain in the middle of the
image (inside the yellow box in figure 6.7.b) is surrounded by numbers of TDs, their
black-white contrast and alignment are consistent with the majority of them being pure
edge dislocations. As in the previous section, TDs types were identified by obtaining
two images from the same area under different diffraction conditions. The pure edge

dislocations were found to be 80% of the total TDs. The increase in TD density in this
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sample, when compared to sample C, is a result of the reduction of step bunches
density in this sample. As in the previous section, it can be concluded that introducing
step bunches effectively reduces the TD density, most likely the density of pure edge
dislocations.

Figure 6.6.c shows an ECCI micrograph ~10x10 um? size obtained from sample E. In
this sample, the top and bottom diameters of the nanopillars are increased to be around
310 nm and 460 respectively. The step bunches is reduced to be 5.4x10? cm™ with
wide terraces and the length of step bunches is ranging between 4-20 um. Figure 6.7.c
is an ECCI micrograph from sample E in high magnification which shows the atomic
steps and TDs. The total density of dislocations is higher than sample C and D and
measured to be around 1.2x10° cm™2.

This section is showing possible evidence of the impact of the pattern dimensions on
the formation of step bunches. As the substrate for all three samples had the same
miscut, the changing in the density of step bunches appears to be due to the changing
of the nanopillar diameters. Clearly, there is an inversely proportional relation between
the density of TDs and step bunches as previously demonstrated in section 6.4.

In addition, the ECCI micrographs from sample C indicate spiral growth that is usually
observed in Ill-nitrides grown in an MBE reactor [185] and under different growth
conditions (e.g. thick samples, low growth temperature, growth rate, etc), see figure
6.8 this also a close look on the spiral from sample C (inside the dashed yellow box).
The formation of the spirals is attributed to screw dislocations that terminate steps.
[186]

The observed differences in step bunch density may be as a result of slight changes in
the growth temperature or in the substrate miscut (all these samples were grown on the
same wafer). There is presently no other literature reporting a relationship between the
feature size and the formation of step bunches. However, this work does confirm the
relationship between the density of TDs and the density of step bunches.
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Figure 6. 6:Shows 10x10 pum?2 ECCI micrographs of the samples C, D and E a)
sample C exhibits continuous step bunches across the sample b) sample D exhibits
small step bunches covering the sample surface c) sample E has a lower density of
step bunches in comparison to sample C and D. All images were acquired in the
variable pressure SEM using off-axis GSED and under a beam of energy 25 keV, a
gas pressure of 0.5 mbar and dwell time 100ps, and tilt = 50°.

Figure 6. 7: Shows ~6 x 6 um2 ECCI micrographs of the samples C, D and E a) high

magnification image of sample C that shows a closer look at the TDs (dots with black-
white contrast), sub-grains, atomic steps and step bunches b) high magnification image
of sample D that show TDs, atomic steps and sub-grains. c¢) high magnification image
of the sample D that show TDs, sub-grains and atomic steps. All images acquired in
the variable pressure SEM using off-axis GSED and under a beam of energy 25 keV,
a gas pressure of 0.5 mbar and dwell time 100us, and tilt = 50°. The yellow rectangles
highlight TDs that align with sub-grain boundaries.
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Figure 6. 8: ECCI micrograph from sample C that shows the spiral growth in this

sample, the yellow box surrounds the spiral.

6.6 Measurement of misorientations in AIN/ nPSS thin
films using EBSD

This section aims to investigate the misorientations in samples A, B, D, discussed
earlier in this chapter, using electron backscatter diffraction (EBSD). The aim was to
investigate the relationship between misorientation and TD density. Sample A is
utilized as a reference sample. Sample B has a different miscut and sample D has a
different pillar height compared to sample A.

As discussed above, ECCI micrographs provide us with qualitative information on
sub-grains, but do not provide any quantitative information on the magnitude or
direction of the misorientation of sub-grains. Thus EBSD was required to extract this
information. Figure 6.9 illustrates EBSD maps which are obtained under low vacuum
(= 0.4 mbar) where the accelerating voltage was 20 keV.

The EBSD analysis starts with the pattern matching of the experimental EBSP to the
dynamically simulated patterns using the Bloch wave approach. [187, 188] EBSD

maps were then produced using MTEX software [189], in this project grain reference
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orientation deviation (GROD) maps were produced. Grain reference orientation
deviation (GROD) maps provide us with grain misorientations with respect to a
specifically selected reference orientation. [190]

Figure 6.9.a, b and ¢ show grain reference orientation axis maps with respect to the
sample normal (Z-axis) (GROD-Z) for sample A, B and D respectively. These maps
identify the orientation direction of sub-grains with respect to the normal axis of the
sample (which is the c-axis or [0001] direction, neglecting the miscut). In these maps,
the red and blue colours indicate the direction of the sub-grains in-plane rotation,
where the blue and red regions rotate in opposite directions around the c-axis.

From indexed electron backscatter patterns (EBSPs) (see figure 6.10) the step bunches
in sample B and D are found to be aligned approximately with the [1120] direction.
Figure 6.10.a shows an experimental EBSP acquired from sample B. The ECCI
micrograph in figure 6.10.b was obtained coincidently with the EBSP, thus allowing
the step bunch direction to be estimated. Figure 6.10.c is the dynamically simulated
EBSP that was used to index the experimental EBSP. Figure 6.10.d shows some
indexed planes highlighted on a kinematically simulated pattern. Previous studies have
shown that the direction of the step bunches are independent of the substrate miscut
direction. Bryan et al. [191], studied step bunches in AIN grown on miscut sapphire
substrates and found that their direction aligned perpendicular to the AIN [1100]
direction. They showed that the sample grown on the substrate with the miscut toward
the sapphire a-plane, exhibited step bunches with straight edges. While in the case of
AIN grown on a substrate miscut toward the sapphire m-plane, it exhibited step
bunches with zigzag edges. Similarly in ref.[192], the growth of GaN layers on two
substrates with different miscut direction, revealed that the miscut direction only
affected the step bunches edges not their direction. They demonstrated that GaN grown
on miscut sapphire, with the miscut toward the sapphire a-plane, resulted in step

bunches with straight edges, growth on sapphire with a miscut toward the sapphire m-
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plane resulted in step bunches with zigzag edges. Both studies confirmed, as observed

here, that the step bunches lie parallel to the [1120] nitride direction.

Figure 6. 9: The grain reference orientation deviation (GROD) maps with respect to
the sample normal (Z-axis) which is the c-axis/[0001] direction. That is GROD-Z maps
obtained from a) sample A, b) sample B and c) sample D. The colours indicate
rotations of the opposite direction. These maps were extracted from EBSD data using
MTEX software.
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Figure 6. 10: Shows a) an experimental EBSP b) ECCI micrograph from sample B
exhibiting step bunches and showing that they lie along the [1120] direction. c) A
dynamically simulated EBSP. d) indexed EBSP highlighting the Kikuchi bands for the
(1010), (1120) planes and [1120] direction.

Figure 6.11. a, b and c are the grain reference orientation deviation (GROD) maps for
sample A, B and D respectively. It is clear from figure 6.11 that sample A has the
highest misorientation followed by sample B then sample D. The maximum
misorientations angle of the AIN epilayer is found to be around 0.5°, 0.3°, 0.2° for
samples A, B, and D respectively, see figure 6.11.d which shows GROD angle
distribution for sample A, B, and D. It is worth to mention that the average
misorientation angle for all samples is measured to be =~ 0.05°as the graph in figure
6.12.d clearly demonstrates. If we consider the density of TDs of all samples, a
conclusion can be made that the density of TDs does not affect the average
misorientation however, it affects the maximum misorientation angle. This conclusion

can be related to the previous ECCI results. The dislocations located at the sub-grain
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boundary highlighted by the dashed yellow boxes in figure 6.3.a, 6.3.b and figure
6.7.b. By comparing these three ECCI micrographs, it is clear that the density of TDs
at the sub-grain boundary in sample A (inside yellow box in figure 6.3.a) is higher than
the density of TDs at the sub-grain boundary highlighted by the dashed yellow box in
sample B (figure 6.3.b) and sample D (figure 6.8.b). This result is consistent with the
previous mention in 6.4, the sub-grain boundary misorientation angle increases
proportionally with the density of aligned dislocations.
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Figure 6. 11: Grain reference orientation deviation (GROD) maps for; a) sample A, b)
sample B and c) sample D. d) GROD angle distribution for sample A, B, and D.
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Coincident ECCI and EBSD

An ECCI micrograph and an EBSD map were obtained from the same part of sample
D under the same diffraction condition. Firstly an ECCI micrograph was obtained then
an EBSD map, see figure 6.12. The ECCI micrograph in figure 6.12.a shows clearly
that the deviation in grayscale (or sub-grain contrast). Where figure 6.12.b is the ECCI
micrograph with the reversed contrast. The EBSD maps in figure 6.12.d and e are
GROD -X and GROD-Y maps that illustrate the rotation around X and Y directions
respectively. While the EBSD map in figure 6.12.f is a GROD-Z map that illustrates
the in-plane rotation around the c-axis as shown previously in figure 6.9.c. Finally,
figure 6.12.g shows the GROD-AXIS map that shows all rotations in the sample,
where the figure 6.12.h is the colour key for this map.

Comparison between 6.12.a and 6.12.f, reveals that the red sub-grains in the EBSD
map correspond to the sub-grains exhibiting a lighter greyscale in the ECCI
micrograph, while the blue sub-grains in the EBSD map correspond to the darker sub-
grains in the ECCI micrograph (the deviation in grayscale is consistent with the in-
plane rotation). Hence, an ECCI micrograph obtained at this geometry can give us

information about the direction of the sub-grains rotation is combined with EBSD.

On inspection of the map of figure 6.12.g, which shows the GROD-AXIS map, note
that the black and white regions are those exhibiting a purely in-plane rotation, and
note the correlation with the blue and red regions in the GROD-Z map. The GROD
maps d-g indicate that the dominant misorientation is in-plane rotation around the Z-
axis (c-axis); the GROD-Z axis map show greater misorientation than the GROD-X
and the GROD-Y maps and significant areas of the GROD-AXIS map shows

significant areas of purely in-plane rotation.

The reverse contrast ECCI micrograph in figure 6.12.b is to show the dislocations that
are invisible in figure 6.12.a. It is clear from this image, the majority of TDs are on
sub-grain boundaries (inside the yellow box in figure 6.12.b) and are more likely pure
edge, as revealed previously in the high-resolution ECCI micrograph in figure 6.7.b.
Figure 6.12.c shows the directions in IlI-nitrides.
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Figure 6. 12: Illustrates coincident EBSD and ECCI micrographs acquired
simultaneously under the same diffraction condition from sample D a) ECCI
micrograph with deviation in greyscale related to the deviation in sub-grain
orientation, b) the ECCI micrograph with the reversed contrast, c) directions (derived
from EBSP) d) GROD-X map that shows the out-of-plane rotation around the x-axis
(approximately in an a-direction), e) GROD-Y map that shows the out-of-plane
rotation around the y- axis (approximately in an m-direction), f) GROD-Z map that
shows the in-plane rotation around z-axis (c-direction). In maps d to f, red and blue
indicate opposite directions of rotation g) GROD-axis map, the colours (see colour
key) indicate the rotation axis, where the black and white regions are those exhibiting

a purely in-plane rotation, note the correlation with f. h) colour key for g).
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In addition, it is possible to reproduce multiple micrographs by using the EBSD screen
itself as a virtual diode. [193] It can be used as a virtual forescatter/backscatter
detector. Figure 6.13.a is the EBSD pattern and the dashed yellow box is the area of
interest for which the total intensity was calculated for each EBSP. While the image
in figure 6.13.b is the image that is produced on plotting the intensity, an image is
produced which is very similar to the ECCI micrographs of figure 6.12 with
dislocations and the sub-grains revealed. This contrast is understandable if we think
about the different forescatter diodes that are mounted around the EBSD screen, the
diodes located below the EBSD screen produce the best diffraction/structural contrast.
[193] The image in figure 6.13.b is obtained used software that is written by Aimo
Winkelmann and it was provided to me by Kieran Hiller.

Figure 6. 13: a) The experimental EBSP, b) BSE signal from the bottom area of EBSP

in a (surrounded by the dashed yellow box) diffraction contrast dominates revealing
dislocations. Images here are exactly from the same area that the ECCI micrograph

and EBSD map have acquired in figure 6.12.
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6.7 Summary

In conclusion, this chapter demonstrates the utilization of ECCI and EBSD as
complementary techniques to study AIN thin films produced by MOVPE overgrowth
on nano patterned sapphire substrates (nPSS): AIN/nPSS thin films. In particular, it
reports on the effect of two parameters on the structural properties of the AIN/nPSS
thin films. These parameters are the substrate miscut and the nano patterned substrate
dimensions. In the case of the first parameter, by increasing the substrate miscut from
0.1°t0 0.2°, SEM and ECCI revealed the step bunch density in the AIN/nPSS increased
from 5x10? cm™ to 1.5x10° cm™ and the TDD was reduced from 1.5 x 10° cm™ to
8 x 108 cm™. While in the second case, the influence of the nanopillar dimensions,
specifically pillar diameter, was explored through three samples. The step bunch
density was also observed in sample C = 4x10%m™?, in sample D ~1x10% cm™ and
sample D = 5x102 cm™. In addition, the density of dislocations found to 0.5x10° cm™
for sample C, 1 x10° cm for sample D and 1.5x10° cm for sample E. It is confirmed
through ECCI measurements that the relationship between the density of step bunch
and the density of TDs, as the step bunch density increase the density of TDs decrease.
See Table 6.2 which briefly shows the result from all samples (A, B, C, D and E). In
addition, an EBSD was required to obtain the misorientation through sample A, B, and
D. From the GROD-Z map the dominate sub-grain orientation was in-plane rotation
around the c-axis, for all three samples (A, B, and C). The maximum of the sub-grain
misorientation angle was proportional to the density of TDs. The sub-grains maximum
misorientation angles have been measured to be ~ 0.5°, 0.3°, 0.2° for samples A, B
and D respectively. Also, the ECCI and EBSD were combined simultaneously under
the same diffraction condition from sample D, thus the contrast in ECCI micrograph
at the forescatter geometry was related to sub-grains in-plane rotation as the EBSD
result illustrated. Finally, this chapter revealed the possibility of using EBSD as a

virtual diode to produce an ECCI-like micrograph.
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Samples Dislocation
Density x

10° cm?

1.5
0.8
0.5
1

1.2

m O O @ >

Percentage

a-type
dislocations

Density
of step
bunches

x10% cm™!

0.5
1.7
4
1
0.5

Average

misorientation

~0.05°
~0.05°
Future work
~0.05°

Future work

Table 6. 2: Shows the result summary of all three samples.
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Future work
~0.2°

Future work



Chapter 7

Conclusions and future work

7.1 Techniques and samples:

This thesis presents experimental work on the characterisation of 111-nitride materials
using the scanning electron microscope. Two complementary techniques were used in
this study to explore the material’s structural properties; electron channelling contrast
imaging (ECCI) and electron backscatter diffraction (EBSD). In addition, other
techniques were combined with ECCI, such as atomic force microscopy (AFM)
measurements which were provided by Dr. Tom O'Hanlon from the University of
Cambridge and the etching pits method provided by Dr. Sebastian Walde from the
Ferdinand-Braun-Institute, Leibniz-Institut fuer Hoechstfrequenztechnik (FBH) in
Berlin. A number of samples grown using different techniques were investigated in
this thesis. The GaN sample in chapter 4, ‘Using ECCI and AFM to study ELOG GaN’,
demonstrated the capability of ECCI in resolving inclined dislocations. In order to
better examine insulating samples such AIN, chapter 5 “ECCI in a variable pressure
scanning electron microscope’’ describes the benefits of using a gaseous secondary
detector to obtain ECCI micrographs. In Chapter 6, “Characterisation of AIN/nPSS
thin films in a SEM”’, a series of AIN samples grown on nano patterned (nanopillars)
sapphire substrates (nPSS) were investigated to study the impact of the substrate
miscut and the nano pattern dimensions on structural defects and the sample

morphology.
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7.2 Coincident ECCI and AFM of threading dislocations in
ELOG GaN

In chapter 4 “ECCI and AFM were both used to reveal threading dislocations in ELOG
GaN’’, a GaN sample grown on sapphire using an ELOG stripe pattern, where the
stripes were parallel to the GaN [1100] direction. The ELOG stripe pattern introduced
open and closed regions to the sample (referred to here as window and wing regions
respectively), which are used to filter the threading dislocations (TD) and reduce their
density, as TDs are blocked under the wing region and propagate through the window.
There was one to one correlation of the dislocations revealed independently by AFM
and ECCI. The density of dislocations was reduced in the wing area in comparison to
the window region. The average density of TDs in the seed region is 4.2 + 0.7x10?

cm 2 while in the wing region it is 1.3 £ 0.1x10% cm™.

ECCI analysis was also able to reveal inclined dislocations in these samples. ECCI
micrographs show that the inclination direction of the inclined dislocations in the
window region (opening region of mask) was perpendicular to the stripes, in the
[1120] direction as expected. An inclination angle of order 45°- 63° was tentatively
estimated for these TDs. The inclination direction of the TDs in the wing region
(closed region of the mask) is towards the [0110] direction; that is at 60° degrees to
the stripe. In this case the inclination angle is thought to be driven by strain relaxation.
A series of ECCI micrographs were also acquired to investigate the nature of the TDs

at the coalescence region in the middle of the wing region. The majority of the TDs

were found to be edge dislocations with a Burgers vector of - [1120] or ; [1120].

7.3 ECCI in the gaseous environment for characterization

of insulating samples

Chapter 5 presents results which show for the first time that ECCI micrographs can be
produced using gaseous secondary electron detectors (GSEDS) in a variable pressure
scanning electron microscope [194], where ECCI micrographs were acquired at

pressures ranging from 0.3 mbar to 1 mbar. This is done by detecting the amplified
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secondary electron signal, indicating that the intensity of the detected secondary
electrons are modulated as a result of the diffraction of the incident electron beam.
This means that the charging problem, inherent when analysing non-conducting AIN,
is eliminated and the quality of the ECCI micrograph is improved. The use of the
GSEDs for acquiring ECCI micrographs allowed ECCI micrographs to be acquired
over a wide range of angles. In this chapter, different parameters such as gas pressure,
detector bias, sample geometry, and scan rate in terms of image quality are examined.
In the present thesis, the best conditions for acquiring ECCI micrograph by off-axis
GSED can be listed as follows; the gas pressure was around 0.5 mbar for ECCI
micrographs (used in chapter 6). The detector bias should be kept large, not lower than
90% (= 230V). The use of the GSEDs for acquiring ECCI micrographs allowed ECCI
micrographs to be acquired over a wide range of angles (from 0° to 70°). The long
scan rate improved the signal to noise ratio in all acquired images in chapter 6 which
by eliminating the noise. In addition to some of those parameters, the sample current
(ion current) was also analysed with respect to these parameters.

7.4 Characterisation of AIN/nPSS thin films by SEM

In chapter 6 “Characterisation of AIN/nPSS thin films in a SEM”’, the structural
properties of two series of AIN samples grown on nPSS (patterned with nanopillars)
by FBH and the University of Bath were studied. In section 6.4 the influence of the
substrate’s miscut on the structural and morphological properties were investigated.
The substrate miscut led to the formation of step bunches. Their density increases as
the substrate miscut increases. The impact of the step bunches on the density of TD
was illustrated in section 2.4.3 and confirmed by the ECCI results presented in chapter
6. The density of dislocations decreases as the density of step bunches increases. The
next series of samples studied the impact of pattern dimensions on the sample’s
structural and morphological properties. It included three samples with different
nanopillar diameters. The samples with the smallest pillar diameter exhibited the
highest density of step bunches and the lowest density of TDs, the higher the pillar
diameter, the higher the density of step bunches and the lower the density of TDs. In

sections 6.4 and 6.5 the ECCI micrographs reveal sub-grains that result from
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misorientation throughout each sample. As ECCI micrographs only provide qualitative
information, EBSD was used to study and quantify sub-grain misorientation. In section
6.6, EBSD data is shown for three samples; sample A was used as a reference, sample
B had a different substrate miscut, and sample D had a different pillar height compared
to sample A. EBSD data revealed that the dominant misorientation is a rotation around
the z-axis because the GROD-Z map shows greater misorientation than the GROD-X
and the GROD-Y maps. Sample A has the highest density of dislocations and exhibits
higher misorientation in comparison to the other two samples as seen in the GROD
maps. For all the samples, the average misorientation was ~ 0.05°. The maximum
misorientation angles for sample A was = 0.5° while for sample B was ~ 0.3° and for
sample D was =~ 0.2°. These angles are proportional to the measured density of TDs
(edge dislocations).

Comparing EBSD and ECCI results from the same area of sample D, showed the sub-
grains revealed in the ECCI micrograph correlated with the sub-grains revealed in the
GROD-Z map extracted from EBSD data. Finally, ECCI-like micrographs showing
sub-grains and dislocations were produced from the EBSD data where the EBSD

screen was used as a virtual diode to obtain an orientation contrast image.

7.5 Future work:

The following lists of future work to extend the research reported in Chapters 4-6.

Chapter 4:

1. Cross-sectional TEM of the ELOG sample to confirm the inclination direction
and angle of both wing and window regions.

2. EBSD may be used to quantify misorientation and strain. Comparing
coincident ECCI micrographs with EBSD maps will allow the origin of

greyscale contrast observed in the ECCI micrographs to be determined.
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Chapter 5:

3.

Explore the quality of ECCI micrographs obtained in a variable pressure
scanning electron microscope when utilising other environmental gases such
N2, CO3 , etc.

Chapter 6:

4.

Study the sub-grain misorientation in AIN/nPSS samples by taking into
account the substrate miscut angle. This can be accomplished by obtaining
EBSPs from the substrate and the AIN epilayer and determining the relative
misorientation of the epilayer with respect to the substrate. A previous study
[195] has found that the misorientation in the GaN epilayer is smaller than in
the substrate miscut.

Previously, an attempt was made to acquire ECCI micrographs and coincident
EBSD maps under different diffraction conditions. However, this experiment
failed as carbon contamination affected the quality of EBSD maps and ECCI
micrographs. To overcome this issue, plasma cleaning is required after
obtaining ECCI and EBSD.

As there are no extensive studies on the impact of the nPSS pattern dimensions
on the structural properties of the overgrown epilayers, it would be useful to
obtain EBSD data from samples C and E as described in Chapter 6 to provide
misorientation data on a group of samples with a range of nPSS pillar
diameters. Acquiring EBSD simultaneously with ECCI from sample C and E
then comparing this data with the data obtained from sample D would also be
a useful exercise.

Walde et al.[63] studied the optical properties of two AlGaN samples that were
grown on samples A and B. A new research can be done on those AlGaN
samples to investigate their structural and morphological properties by
combining ECCI and EBSD. It will be worth to study the impact of step
bunches in the substrate (AIN/nPSS layer) on the AlGaN epilayer structural

properties.
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