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Abstract
The scanning electron microscopy techniques of electron backscatter diffraction (EBSD),
electron channelling contrast imaging (ECCI) and cathodoluminescence (CL) hyperspectral
imaging provide complementary information on the structural and luminescence properties of
materials rapidly and non-destructively, with a spatial resolution of tens of nanometres. EBSD
provides crystal orientation, crystal phase and strain analysis, whilst ECCI is used to determine
the planar distribution of extended defects over a large area of a given sample. CL reveals the
influence of crystal structure, composition and strain on intrinsic luminescence and/or reveals
defect-related luminescence. Dark features are also observed in CL images where carrier
recombination at defects is non-radiative. The combination of these techniques is a powerful
approach to clarifying the role of crystallography and extended defects on a material’s light
emission properties. Here we describe the EBSD, ECCI and CL techniques and illustrate their
use for investigating the structural and light emitting properties of UV-emitting nitride
semiconductor structures. We discuss our investigations of the type, density and distribution of
defects in GaN, AIN and AlGaN thin films and also discuss the determination of the polarity of
GaN nanowires.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOIL
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1. Introduction

The scanning electron microscope (SEM) is a very powerful
tool for investigating and imaging a wide range of material
properties spanning topography, structure, composition and
light emission [1-4]. SEMs are extensively used for imaging
topography by monitoring the intensity of secondary electrons
as a focussed electron beam, with an energy in the range of
100 eV to 30keV, is rastered over the surface of a sample.
Less well known are the techniques of electron channelling
contrast imaging (ECCI) [5-12] and electron backscatter
diffraction (EBSD) [5, 6, 13, 14] which exploit diffraction to
provide information on crystal structure, crystal misorienta-
tion, grain boundaries, strain and extended defects such as
dislocations and stacking faults. Cathodoluminescence (CL),
that is light emission generated when an electron beam is
incident on a sample, provides valuable information on a
sample’s luminescence properties [15-17]. CL can reveal the
influence of crystal structure, composition and strain on
intrinsic luminescence and/or defect-related luminescence.
Dark features are also observed where carrier recombination
at defects is non-radiative. The combination of EBSD, ECCI
and CL is a powerful tool for clarifying the role of crystal-
lography and extended defects on a material’s light emission
properties.

In this article we describe the SEM techniques of EBSD,
ECCI and CL hyperspectral imaging and illustrate the cap-
ability of each technique for the characterisation of semi-
conductors. To this end we present our recent results on the
use of these non-destructive techniques to obtain information
on the topography, crystal misorientation, defect distributions
and light emission from a range of UV emitting nitride (Al
(Ga)N-based) semiconductor structures. We also give exam-
ples where combining these techniques can provide useful
complementary information.

In comparison to their visible cousins, UV light emitting
diodes (LEDs) based on nitride semiconductor thin films
exhibit poor optoelectronic properties with external quantum
efficiencies typically no more than 10% for wavelengths less
than 350 nm [18]. Their ultimate performance is presently
limited by the structural quality of AIN and AlGaN thin films,
which limits the achievable internal quantum -efficiency
(IQE), and by low doping efficiencies, low carrier injection
efficiencies and poor light extraction [19]. Key to improving
the performance of UV LEDs, and the main motivation for
the research described in this paper, is the understanding and
control of extended defects such as grain boundaries,
threading dislocations (TDs), partial dislocations and stacking
faults and their influence on light emission for Al(Ga)N-based
semiconductors.

To carry out our measurements we use a range of SEMs
equipped with both commercial and bespoke detection sys-
tems. In the work reported here we have used an FEI Sirion

200 Schottky field emission gun SEM (Sirion SEM) equipped
with an in-house developed ECCI system. We have also used
an FEI Quanta 250 Schottky field emission gun environ-
mental /variable pressure SEM (Quanta SEM) equipped with
gaseous electron detectors for electron detection when the
SEM is used in low vacuum and environmental modes. The
Quanta SEM is also equipped with an Oxford Instruments
Nordlys EBSD detector and forescatter diodes for EBSD and
ECCI measurements respectively, and an in-house developed
CL hyperspectral imaging system. The CL system utilizes a
Schwarzschild reflecting objective to collect the emission
from a sample inclined at 45°, allowing the collection of light
with wavelengths >200 nm. The ability to vary the pressure
in the chamber of the Quanta SEM allows the dissipation of
charge and therefore imaging of high resistivity materials
such as AlGaN and AIN. Sections 2 and 3 summarise the
ECCI, EBSD and CL techniques and outline the equipment
specifications required to produce the results presented.

2. The ECCI and EBSD techniques

ECCI and EBSD both exploit diffraction to reveal the structural
properties of the crystalline material under investigation. For
ECCI it is diffraction of the incident beam which provides the
greatest contrast in the resultant images, while for EBSD it is
diffraction of backscattered electrons which provides the
crystallographic information. The spatial and depth resolution
of both techniques is of the order of tens of nanometres. For
successful imaging using either ECCI or EBSD, the sample
needs to have a reasonably smooth and clean surface. For the
imaging of metal surfaces or the surfaces of geological speci-
mens, this usually requires careful sample polishing to produce
a high quality surface [10], this is also the case for semi-
conductor wafers cut from bulk crystals. Samples are typically
mechanically polished to an optical finish using standard
metallographic techniques, grinding with successively finer
diamond grit and finishing with a 20 min colloidal silica polish
as the final stage. Samples can also be further polished using an
argon ion beam polishing system to remove any fine scratches
due to the mechanical polishing [10, 20, 21]. However, for
most epitaxially grown semiconductor thin films, no surface
preparation is required.

2.1. Electron channelling contrast imaging (ECCI)

ECCI micrographs may be produced when a sample is placed
so that a plane or planes are at, or close to, their Bragg angle
with respect to the incident electron beam. Any deviation in
crystallographic orientation or in lattice constant due to local
strain will produce a variation in contrast in the resultant
ECCI micrograph. This is because diffraction of the incident
beam changes the intensity of the backscattered electrons
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Figure 1. Illustration of the (a) backscatter and (b) forescatter geometries for acquisition of ECCI micrographs. Reproduced with permission

from [31]. © 2019 The Institution of Engineering and Technology.

compared to when no diffraction occurs. A change in orien-
tation or lattice constant changes the diffraction conditions;
this results in a change in the intensity of the backscattered
electrons. The ECCI micrograph is constructed by monitoring
the intensity of backscattered or forescattered electrons as the
electron beam is scanned over the sample. Extremely small
changes in orientation and strain are detectable, revealing, for
example, low angle tilt and rotation boundaries and atomic
steps. Extended defects such as dislocations and stacking
faults may also be imaged [5-12, 22-27]. The conditions
required to resolve individual dislocations in an electron
channelling contrast image are quite stringent; a small
(nanometres), high brightness (nanoamps or higher), low
divergence (a few mrad) electron beam is required [5, 28].
Such conditions are met in a field emission gun SEM. The
ECCI micrographs shown in this paper were acquired at either
25 or 30keV, and we show ECCI micrographs where dis-
locations of order 80nm apart can be resolved. ECCI
micrographs can be acquired at lower electron beam energies,
for example see [29, 30]. In [29] the smallest size of the
investigated 3D structures revealed in their ECCI micrographs
was 28 nm.

Figure 1 illustrates the two geometries, namely the back-
scatter and forescatter geometries which are used to acquire
ECCI micrographs. The backscatter geometry (figure 1(a)) has
the advantage that this geometry does not require a high tilt of
the sample and therefore no significant correction of the image to
account for tilt is required. This geometry also allows the easiest
imaging of large samples, for example full semiconductor
wafers. The forescatter geometry (figure 1(b)) has the advantage
that images exhibit better signal-to-noise compared to the
backscatter geometry, due to the increase in intensity of back-
scattered electrons. The detector used to detect the backscattered
electrons is generally an electron-sensitive diode. Vital to the
acquisition of good quality ECCI micrographs is the use of a
good amplification system. An amplifier with a large DC offset
and high small signal gain greatly facilitates the acquisition of
ECCI micrographs. To obtain the signal to noise displayed in the
ECCI micrographs shown in this paper, images with ~4 million
pixels were acquired with acquisition times of 30-100s. Frame
averaging was also used as required, increasing image acquisi-
tion time to a few minutes.

Key to the interpretation of ECCI micrographs, in part-
icular for identification of observed extended defects, is
knowledge of the diffraction condition at which the ECCI
micrograph was acquired, i.e. knowing which plane diffracted
the incident electron beam. Determining/selection of the
diffracting plane(s) may be achieved by acquiring electron
channelling patterns (ECPs), this is discussed in the following
section.

2.2. Selection/determination of the diffraction condition for
ECCI, acquiring ECPs

An ECP is obtained when changes in the backscattered
electron intensity are recorded as the angle of the incident
electron beam is changed relative to the surface of a single
crystal area of the sample. When the beam changes its angle
with respect to the sample, different planes of the crystal
satisfy the Bragg condition, giving rise to the appearance of
overlapping bands, known as Kikuchi bands, superimposed
on the image of the sample. An ECP from a GaN thin film is
shown in figure 2. The ECP is closely related to the 2D
projection of the crystal structure, with the Kikuchi bands
corresponding to different planes in the crystal. Comparing
the ECP with kinematical and/or dynamical electron dif-
fraction simulations allows the pattern to be indexed, i.e. the
planes in the ECP can be identified. The plane (or planes)
which intersect the centre of the ECP, usually referred to as
the pattern centre (PC), are those from which the incident
electron beam is diffracted. In the example shown in figure 2,
the incident electron beam was diffracted from one of the
{11-20} planes; so the g-vector, the vector normal to the
diffracting plane, is one of {11-20}.

An ECP may be obtained by acquiring a backscattered
image at low magnification. At low magnification, as the
beam is scanned over the sample, it changes its angle with
respect to the surface of the sample (in our case, for our Sirion
SEM, this is by around +2.5°), allowing an ECP to be
obtained [9]. Note that this method of acquiring an ECP is
only possible if the scanned area of the sample (of order
Smm X 5Smmin size) is smooth and all of the same crys-
tallographic orientation. An ECCI micrograph is obtained on
zooming in on the PC by increasing the magnification. At
higher magnification the beam nominally has a fixed angle
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<11-20>

Figure 2. (a) Dynamical simulation of an electron channelling
pattern (ECP) from a GaN thin film. Electron beam energy is

30 keV, sample tilt ~40°. (b) Experimental ECP. The blue cross
marks the pattern centre (PC). (c) Kinematical simulation of the ECP
with some indexed planes highlighted (produced with ESPRIT
DynamicS (Bruker Nano) software). In this case the PC intersects
with the edge of one of the {11-20} Kikuchi bands; so the g-vector is
one of {11-20}. Reproduced with permission from [31]. © 2019 The
Institution of Engineering and Technology.

with respect to the sample surface as the beam is scanned. The
resultant ECCI micrograph will reveal any defects which
distort the plane or planes which correspond to the Kikuchi
bands intersecting the PC. Alternatively, if ‘beam rocking’
electron optics are available in the SEM, the angle of the
beam with respect to the sample can be changed over a much
smaller surface area. Selected area ECPs, referred to as
SAECPS or SACPs can be acquired from areas ranging from
a 10 ygm x 10 gm down to of around 500 nm x 500 nm in
size [32]. Moreover with ‘beam rocking’, ECPs can also be
acquired for a larger angular range, up to of order +10° [8].
While a lot of useful information can be obtained from ECCI
without the acquisition of ECPs, the ability to acquire ECPs
makes ECCI far more powerful and easier to use. The ability
to select the diffraction condition is particularly useful when
applying ECCI to the identification of unknown extended
defects such as dislocations and stacking faults. How the
knowledge of the g-vector may be applied to the identification
of dislocations is discussed in section 4.1.

2.3. Electron backscatter diffraction (EBSD)

In EBSD the sample is tilted at around 70° to the normal of
the incident electron beam. The impinging electrons are
scattered inelastically through high angles forming a diver-
ging source of electrons which can be diffracted. The resultant
electron backscatter pattern (EBSP) consists of a large num-
ber of overlapping Kikuchi bands. An EBSP, like an ECP (the
two are related by reciprocity) is closely related to a 2D
projection of the crystal structure, where each Kikuchi band
corresponds to a set of planes, as illustrated in figure 3(b). An
EBSP generally spans a greater angular range than an ECP.
EBSPs are generally detected by an electron sensitive phos-
phor or scintillator screen and a charge-coupled device or

complementary metal-oxide semiconductor camera [13] (see
figure 3(a)), although there have been recent developments of
direct electron cameras [33, 34]. The spatial resolution
achievable in an EBSD map is of order 100 nm [35, 36]. The
EBSP shown in figure 3(b) was acquired at 20 keV from a Si
sample using energy-filtered direct electron detection with a
collection angle of ~50°. Direct electron detection allows
high quality EBSPs to be acquired at low electron beam
energies, pattern acquisition down to 3 keV is achievable
[28]. Acquisition of EBSD maps at lower electron beam
energy should lead to higher spatial resolution [35]. EBSD is
a well-established technique for texture analysis and for
quantifying grain boundaries and crystal phases [5, 6, 13, 14].
The introduction of cross-correlation based analysis of EBSPs
has improved the measurement precision of relative orienta-
tion with rotations of 0.01° measurable. For measurement of
strain, strain changes of order 2 x 10~ have been resolved.
Such precise measurements of relative orientation and strain
have allowed the determination of geometrically necessary
dislocation densities [14, 37]. Cross-correlation of exper-
imental patterns with dynamical simulations have enabled the
mapping of antiphase domains [38] and crystal polarity
[39, 40]. Using the technique described in [35], the spatial
resolution exhibited by the EBSD maps in the present work is
of order 150 nm. An angular (orientation) resolution of order
0.05° has been achieved with pattern matching to dynamical
simulations as described in [36].

3. Light emission: cathodoluminescence (CL)
hyperspectral imaging

The absorption of energetic electrons in a semiconductor
results in the generation of excess charge carriers, and the
radiative recombination of these carriers results in the
phenomenon of cathodoluminescence (CL) [16]. The mate-
rial’s intrinsic luminescence properties are influenced by
crystal structure, composition and strain, while additional
bands are introduced by defects. While comparable techni-
ques (photoluminescence, electroluminescence) also reveal
such information, the higher spatial resolution of CL allows
further data to be obtained, such as the mapping of individual
extended defects which produce dark features due to non-
radiative recombination [41, 42]. The spatial resolution of CL
imaging is strongly dependent on the excitation volume
(which depends on incident beam energy), the diffusion
length of the material and the structure under investigation
(e.g. bulk material versus nanostructures). If the material
under investigation contains structures which can localise the
carriers, such as quantum wells or defects, the spatial reso-
lution can be of the order of 10 nm [43, 44]. In this work, all
CL data were acquired at an electron beam energy of 5 keV,
which has an excitation volume with a diameter of order
100 nm. Extending the technique beyond simple intensity
imaging and into the hyperspectral imaging mode allows the
technique to be used to map energy shifts and peak widths,
and to deconvolve overlapping spectral peaks [45]. The
spectral resolution is defined by the spectrometer used, the
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Figure 3. (a) [llustration of the EBSD detection geometry and a conventional EBSD detector, (b) An EBSP from Si acquired at an energy of
20 keV with a collection angle of ~250°. The red lines (the horizontal and vertical lines) outline Kikuchi bands corresponding to {200} planes,
the blue lines (the diagonal lines) outline Kikuchi bands corresponding to {220} planes. Reproduced from [33]. CC BY 3.0.

ruling of the grating and the slit width. For the results pre-
sented in this paper, the spectral resolution was typically
better than 2 nm. Moreover, CL is not limited to the visible
spectrum, but can be used in the deep UV. A particular
advantage of the technique when working with UV materials,
such as AIN (room temperature band gap ~ 6eV) and
AlGaN (room temperature band gap ranges from the band gap
of GaN of ~ 3.4 eV to that of AIN), is that it does not require
an above-bandgap optical excitation source. The additional
challenge of working with such higher resistivity materials
under an electron beam has been successfully met through the
use of variable chamber pressures to dissipate charge [46], as
discussed at the end of section 1.

4. Results

4.1. ECCI of a c-plane Al 28Gap 72N thin film

Figure 4 shows an ECCI micrograph of an Aly5Gag7,N/GaN
thin film grown by metalorganic vapour phase epitaxy
(MOVPE). More details on the sample structure and growth
can be found in [47]. The ECCI micrograph was acquired at an
electron beam energy of 30keV using the Sirion SEM. The
variation in grey scale in the image is a result of different
orientations in the film, revealing sub-grains in the thin film.
The ‘spots’ in the image, most of which exhibit a black-white
contrast (B-W) (see inset of figure 4), are TDs propagating to
the surface of the sample and are revealed due to associated
strain fields [48]. A large number of the TDs are seen to lie on
sub-grain boundaries. Note that in order to reveal all mis-
orientations, and thus all the sub-grain boundaries, a number of
ECCI micrographs need to be acquired under a range of dif-
fraction conditions [49]. While the contrast in the ECCI
micrograph reveals the presence of sub-grains, it does not
provide any quantitative information on their orientation. The
magnitude and direction of misorientation can be measured by
EBSD, and an EBSD study of sub-grain orientations are pre-
sented, in the next section 4.2, for an AIN thin film.

Figure 4. ECCI micrograph from AlGaN thin film. Inset shows
dislocation ‘spots’ at higher magnification. Reproduced from [50].
CC BY 4.0.

Techniques have also been developed to identify dis-
location types [9, 21, 51]. Nitride semiconductors contain
three types of TDs, namely screw-, edge- and mixed-type
dislocations. To identify the TD type, it is possible to apply
the ‘invisibility criteria’ used in transmission electron
microscopy (TEM) [9]. In simple terms, dislocations are
invisible in an ECCI or TEM micrograph if they do not distort
the plane(s) which diffract the incident electron beam. The
invisibility criteria are satisfied for screw dislocations where
gb = 0 and for edge and mixed dislocations where g-b = 0
and g-(b X u) = 0. Where g is the g-vector, i.e. the normal to
the diffracting plane as discussed in section 2.2, b is the
Burgers vector of the TD and u is its line direction. For ECCI,
to determine g the acquisition of an ECP pattern (as described
in section 2.2) is usually required [9]. However, a further
factor which needs to be taken into account when attempting
to apply the invisibility criteria to ECCI images (and plan
view TEM images), is the effect of surface relaxation on the
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Figure 5. (a) Secondary electron image of nPSS, (b) schematic of overgrowth of AIN on nPSS and (c) ECCI micrograph from an AIN thin
film, inset is on same scale but with higher resolution. Reproduced from [50]. CC BY 4.0.

observed defect contrast. The variation in strain due to surface
relaxation around a defect can dominate the observed defect
contrast [9]. For nitride semiconductor thin films, surface
relaxation has a major impact on the observed TD contrast, so
additional strategies have been developed to identify the TDs.
As discussed above, in an ECCI micrograph TDs appear as
spots exhibiting B—-W contrast. If two (or more) ECCI
micrographs of the same area are acquired at different dif-
fraction conditions, the direction of the B—W contrast
exhibited for each TD may be compared. If the B-W contrast
direction for a given TD remains the same or is reversed, the
TD is an edge dislocation. If the B-W contrast direction
changes its direction by other than 0° or 180°, then the dis-
location contains a screw component so it is a screw or mixed
TD. One advantage of this latter strategy is that it can be
applied without a precise knowledge of g.

For this AlGaN/GaN thin film the average TD density
was determined to be ~ 3 x 10° cm™. Approximately two
thirds of the total TDs were found to be edge-type TDs by
comparing the B—-W contrast direction of the TDs for ECCI
micrographs acquired under multiple diffraction conditions.

4.2. ECCI and EBSD mapping of a c-plane AIN thin film
overgrown on a nano-patterned sapphire substrate (AIN/nPSS)

Figure 5 shows ECCI micrographs from a ~7 pm thick c-
plane AIN thin film overgrown by MOVPE on a nano-pat-
terned sapphire substrate (nPSS). For this sample the sapphire
substrate has a 0.1° offcut towards the sapphire m-plane. A
hexagonal array of truncated cones was prepared on a 2 inch
wafer by combining displacement Talbot lithography and lift-
off to create a metal nanodot mask, followed by chlorine-
based dry etching [52, 53]. AIN was overgrown according to
the growth process given in [54, 55].

The motivation for the growth of AIN on nPSS is to
produce high quality (low dislocation density) AIN/sapphire
templates for the manufacture of high performance UV LEDs.
The reduction of dislocation densities from ~1 x 10'°

to ~5 x 10® cm™ has been shown to improve the IQE of UV
LED structures from ~5% to ~ 40% [56].

Figure 5(a) shows a secondary electron image of the
nPSS and figure 5(b) shows a schematic of the cross-section
of the desired AIN overgrowth. The ECCI micrographs
shown in figure 5(c) of the AIN/nPSS were acquired at an
electron beam energy of 25keV using the Quanta SEM
operated in low vacuum mode (0.5 mbar) to avoid charging of
this insulating specimen.

The variation in greyscale in the ECCI micrograph of
figure 5(c) is a result of small differences in orientation of
sub-grains in the thin film. The inset (same scale) shows a
higher resolution ECCI micrograph where TDs propagating to
the surface of the sample are also revealed. A significant
number of the TDs are located on the sub-grain boundaries—
one of the more obvious sub-grain boundaries is highlighted
by the dashed box on the left of the inset in figure 5(c). The
TDs which line up along this sub-grain boundary all exhibit
the same direction of black-white contrast (perpendicular to
the sub-grain boundary), this is consistent with them being
edge dislocations aligned along a low angle grain boundary
[57]. Careful inspection of the sub-grain exhibiting bright
contrast in the centre of the inset image reveals that it contains
regions exhibiting different contrast, the region highlighted by
the circle is a further sub-grain surrounded by dislocations.
The black-white contrast for some of the dislocations sur-
rounding this sub-grain is harder to determine, but for those
dislocations showing sufficient contrast, the black-white
contrast is also perpendicular to the sub-grain boundary.
Acquiring ECCI micrographs over a range of diffraction
conditions changes both the sub-grain and dislocation contrast
enabling a more thorough analysis of the dislocations and
their relationship to the sub-grains, see for example [20, 58].

For this sample the average TD density was determined
to be ~1.5 x 10° cm™. Approximately 90% of the TDs were
found to be edge-type TDs on comparing the B-W contrast
direction of the TDs for ECCI micrographs acquired under
multiple diffraction conditions.
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Figure 6. EBSD maps from the AIN/nPSS thin film (a) grain reference orientation deviation (GROD) map and (b) GROD axis map relative
to the sample normal (c-axis, [0001] direction]) where the colours denote direction of in-plane rotation (i.e. around the c-axis). The red
regions are rotated in the opposite direction to the blue regions as indicated. Reproduced from [50]. CC BY 4.0.

As discussed in the previous section, while ECCI reveals
misorientations between sub-grains, it does not provide a
measure of the magnitudes and directions of the misorienta-
tions. To obtain quantitative information, EBSD data were
acquired from the same sample at an electron beam energy of
20keV using the Quanta SEM again in low vacuum mode.
Figure 6(a) shows a grain reference orientation deviation
(GROD) map (the deviation of orientation of the sub-grains
relative to an average orientation [59]) derived from EBSD
data using MTEX [60]. The first step of the analysis involved
comparison of each EBSP with a dynamically simulated
pattern [61]. Figure 6(b) is a GROD angle map which shows
the local misorientations relative to the normal to the sample,
i.e. the c-axis ([0001] direction) and reveals that the local
misorientations are predominantly rotations around the c-axis.
As shown schematically in figure 6(b), the colours, blue and
red, denote the direction of in-plane rotation. The red regions
are rotated in the opposite direction to the blue regions. Work
is ongoing to determine the origin of the observed sub-grain
rotations, but it is most likely related to the mismatch
between the AIN layer and its substrate. 3-D islands form in
the early stages of growth, strain relaxation of these islands
may result through the introduction of 60° misfit dislocations.
These misfit dislocations may induce in-plane misorientations
of the islands [62].

These results illustrate how ECCI and EBSD can provide
complementary structural information. ECCI allows fast
determination of dislocation densities and their distribution
and reveals the presence of sub-grains. The ECCI micro-
graphs of figure 5(c) took around 10 min of direct acquisition.
EBSD provides quantitative information on the magnitude
and direction of the misorientations in the film. However, the
EBSD data from which the maps of figure 6 were derived,
took of order three hours to acquire. The EBSD data acqui-
sition was then followed by further data analysis which is also
time consuming. The time required to acquire the EBSD data
can result in drift and in this case a number of datasets were
acquired before one was obtained which was relatively drift
free. Note that a slight drift can be seen within the top micron
of the maps shown in figure 6. In spite of this, both techniques
share the advantages of being non-destructive and can be used
to interrogate large areas of a sample.

4.3. CL imaging and ECCI of a semi-polar (11-22) GaN thin film
overgrown on GaN microrods on m-sapphire

UV LEDs produced from semi-polar nitride semiconductor thin
films promise higher performance than those produced from
their polar counterparts, due to reduction of piezoelectric and
spontaneous polarisation fields. Unfortunately, semi-polar nitride
semiconductor thin films are often of poor quality with a high
density of structural defects; in particular basal-plane stacking
faults, in addition to TDs [62-66]. Here we report the study of
the structural and luminescence properties of a 5 pum thick
(11-22) GaN epilayer overgrown by MOVPE on a regular array
of microrods on an m-plane sapphire substrate using ECCI and
room temperature CL imaging. The microrod template and
overgrowth are designed to reduce the density of structural
defects through overgrowth initiated from the sidewalls of the
microrods and exploitation of the faster growth rate in the
c-direction compared to the a- and m-plane directions to block
the propagation of defects, for more information see [65].
Figure 7(a) shows a schematic of the structure and illustrates that
the growth gives rise to alternating striped regions, where basal-
plane stacking faults reach the surface of the sample or are basal-
plane stacking fault free, respectively. Figures 7(b) and (d) show
an ECCI micrograph and integrated CL intensity image of the
GaN near band edge (NBE) emission (3.15-3.50eV), respec-
tively. These images are plotted on the same scale but were not
obtained from the same part of the semi-polar sample. The ECCI
micrograph was acquired at an electron beam energy of
30keV in the Sirion SEM while the CL image was acquired at
an electron beam energy of 5keV. The ECCI micrograph of
figure 7(b) reveals that the GaN thin film does indeed exhibit
striped regions of high basal-plane stacking fault density sepa-
rated by regions with almost no basal-plane stacking faults. For
more information on basal-plane stacking faults in semi-polar
GaN thin films see [65, 67, 68]. The average basal-plane
stacking fault density in the high basal-plane stacking fault
density regions is estimated to be of order 1 x 10° cm™'. The
NBE CL image of figure 7(d) shows alternating bright and dark
stripes, we attribute the significant reduction in the NBE lumi-
nescence intensity in the dark striped regions to non-radiative
recombination (at room temperature) at the basal-plane stacking
faults. Figure 7(c) shows example CL spectra from a bright
stripe and from a dark stripe, respectively, (the boxes on
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Figure 7. (a) Schematic of semi-polar GaN microrod template and overgrowth, indicating the distribution of stacking faults on the surface of
the sample and the crystallographic directions. (b) ECCI micrograph revealing basal-plane stacking faults. (c) Example room temperature CL
spectra from a dark stripe and a bright stripe, respectively. The boxes on figure 7(d) indicate where the spectra were extracted from the CL
dataset. (d) Integrated CL intensity image of the GaN near band edge (NBE) emission (3.15-3.50 eV) on the same scale as (b) but not from
the same area. (e) Higher resolution ECCI micrograph revealing dislocations. (f) Integrated CL intensity image of the GaN near band edge
(NBE) emission (3.15-3.50 eV) on the same scale as (e) but not from the same area. Reproduced from [50]. CC BY 4.0.

figure 7(d) indicate where the spectra were extracted from the
CL dataset) and show that the peak intensity of the NBE peak
drops by around an order of magnitude in the dark striped
regions compared to the bright striped regions. At low temper-
ature, distinctive luminescence peaks associated with basal-plane
stacking faults are generally observed [69-71]. However, the
intensities of these peaks reduce significantly as the temperature
is increased and are difficult to resolve from the broad free
exciton peak at room temperature. As our CL maps have been
acquired at room temperature, the dominant effect of the pre-
sence of stacking faults is a reduction in luminescence intensity.

Figures 7(e) and (f) show a higher magnification ECCI
micrograph and a higher magnification CL map respectively
(same scale, not the same part of the sample). This ECCI
micrograph reveals striped regions with alternating higher and
lower dislocation densities. By changing the tilt and rotation of
the sample, diffraction conditions can be selected to provide the
strongest contrast for the stacking faults or for the dislocations.

The dislocation density in the high density regions
~2 x 10° cm ™2, while for the lower density region it
~2 x 108cm ™2 [67]. We attribute the black spots in the
CL images of figures 7(d) and (f) to non-radiative recombi-
nation at single or clusters of dislocations.

In summary, comparison of the ECCI micrographs with
the CL images show, that at room temperature, both basal-
plane stacking faults and dislocations lead to a significant
reduction in the NBE luminescence intensity due to non-
radiative recombination at these defects.

is
is

4.4. ECCI and CL hyperspectral imaging of a c-plane Si-doped
Alp.g2Gag.1gN thin film grown on a stripe patterned epitaxially
laterally overgrown (ELO) AIN/sapphire template

The topography, type and distribution of dislocations, and light
emission were investigated for a polar (c-plane) Si-doped
Alyg,GaggN thin film grown on a stripe patterned ELO
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Figure 8. (a) Schematic of the sample structure. x is nominally 0.8, but was measured to be 0.82 for the top 1.6 pum layer. (b) Atomic force
microscopy image of the sample surface. (c) ECCI micrograph (the black brackets indicate ‘stripes’ of higher dislocation density in the
coalescence region). (d) CL near band edge (NBE) peak intensity map. (e) Topographic image (f) NBE CL peak energy map. Images (c)—(f)
where acquired from approximately the same region of the sample. The white arrows indicate the apexes of the hillocks. The CL peak
intensity and peak energy were extracted from hyperspectral data. Reproduced from [50]. CC BY 4.0.

AIN/sapphire template [41]. Both the template and thin film
were grown by MOVPE. The stripe pattern comprised 2 ym
wide stripes (seed regions), separated by 1 ym wide grooves
(window regions), running perpendicular to the substrate mis-
cut of ~20.25° towards the sapphire m-plane (1-100). Note that
the sapphire m-plane is perpendicular to AIN m-plane so that
the stripes run parallel to the [1-100] direction for the ELO AIN
and for any subsequently grown nitride layers. More details on
the template growth can be found in [72]. For the sample we
report on here, the template was overgrown by a 400 nm thick
AIN buffer layer followed by a 25 nm thick Al,Ga;_,N graded
transition layer and a 100 nm thick non-intentionally doped
AlygGag,N layer. Finally, a 1600 nm thick Si-doped
Aly g>Gag 1N layer was grown. The average percentage of AIN
was determined to be (82 £+ 1)% by high resolution x-ray
diffraction and wavelength dispersive X-ray (WDX) and the
Si-dopant concentration was estimated by WDX to
be ~9 x 10" cm™ [41].

Figure 8(a) shows a schematic of the sample structure.
Figure 8(b) is an atomic force microscopy image of the sample,
revealing the hillock morphology of the sample. Figure 8(c) is

an ECCI micrograph and figure 8(e) is a backscattered electron
topographic image; a small rotation of the sample from the
orientation at which the ECCI micrograph was acquired results
in topographic rather than diffraction contrast dominating the
backscattered electron image, so revealing the hillock morph-
ology of the sample. Figure 8(d) is a CL peak intensity image
of the AlGaN NBE emission (=5.24-5.27 ¢V) and figure 8(f)
is a CL peak energy image of the AlIGaN NBE emission. The
ECCI micrograph and topographic image were acquired at an
energy of 30keV in the Sirion SEM, while the room temper-
aure CL maps were acquired at an energy of 5 keV using the
Quanta SEM. As these samples were conducting as a result of
the silicon doping, both types of measurements could be made
in the standard high vacuum mode. For a detailed discussion of
the CL spectroscopy of this sample see [34]. Images in
figures 8(c)—(f) were obtained from approximately the same
region of the sample. The white arrows indicate the apexes of
the hillocks. Complete alignment of these images was not
possible as the images were acquired at different sample tilts
and rotations. The sample was tilted at 70° from the incident
electron beam direction for the ECCI and backscattered
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electron topographic image, with a small rotation between the
ECCI and topographic images, and it was tilted at 45° for the
CL images.

The ECCI micrograph reveals that the patterned template
leads to a modulation of the dislocation density with higher
dislocation densities around the ELO coalescence boundaries.
Analysis reveals an average TD density of ~1.2 x 10° cm™,
with a density of ~2.3 x 10° cm™ around the coalescence
boundaries and a dislocation density of ~1.0 x 10° cm™ in
the lower dislocation regions. 97% of the dislocations were
found to be edge-type dislocations. High resolution ECCI
micrographs (not shown here) show that the dislocations at
the coalescence boundaries are arranged in lines with the
same direction of black-white contrast (perpendicular to the
coalescence boundary), in a similar manner to the rotation
boundaries observed for the AIN thin film described in
section 4.2. This observation is consistent with coalescence
giving rise to low-angle grain boundaries.

Comparison of the ECCI micrograph of figure 8(c) and
the topographic image of figure 8(e) shows that TDs with a
screw component are located at the apex of each hillock. The
ECCI micrograph also shows atomic steps around the hil-
locks. This hillock morphology is a result of spiral growth
around the screw component dislocations [73-75].

Comparing the ECCI micrograph with the CL NBE peak
intensity image in figure 8(e) reveals that the presence of
dislocations leads to a reduction in the luminescence, in
particular dislocations with a screw component appear as dark
spots in the CL image.

Comparing figures 8(e) and (f) shows that the NBE
emission is red-shifted at the edges of the hillocks. The
AlGaN peak energy is dependent on the relative percentages
of GaN and AIN in the AlGaN thin film, the lower the energy
of the NBE emission, the higher the percentage of GaN in the
film. The peak position will also be influenced by strain and
by doping density.

In summary, in this case topographic, ECCI and CL
micrographs were acquired from nominally the same part of a
sample, allowing the influence of defects and morphology on
the light emission to be directly interrogated.

4.5. EBSD and CL of GaN nanowires to determine polarity and
its influence on light emission

GaN structures with the N-polar orientation have several
advantages over the commonly used Ga-polarity, but the
epitaxial growth of smooth surfaces can be challenging.
Reversing the direction of the polarisation fields can be
beneficial for optoelectronic devices, in particular transis-
tors, photodetectors, solar cells and tunnel junction diodes
[76].

Here we summarise coincident EBSD and CL results
obtained from self-induced GaN nanowires (NWs) [40]. The
NWs were produced on (111)-orientated Si substrates using a
two-step growth using metal-organic chemical vapour
deposition. Deposition of Al on the Si substrate first forms Al
or Si—Al alloy nanodots, which then act as nucleation sites for
the subsequent NW growth. EBSD measurements allowed the
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polarity of the NWs to be determined, while analysis of CL
spectra from NWs of known polarity enabled the influence of
polarity on light emission to be investigated. The EBSD data
were acquired at an electron beam energy of 20 keV, while
the room temperature CL data were acquired at 5 keV.

For EBSD, for the noncentrosymmetric wurtzite structure
of GaN, the inequivalence of the Bragg reflections on either
side of Kikuchi bands corresponding to polar or semi-polar
planes, leads to an asymmetric band profile for such bands.
This results in the intensity maximum being slightly shifted
from the centre of these Kikuchi bands [77]. This shift in
intensity is to opposite sides of the Kikuchi bands for N-polar
compared to Ga-polar GaN. A comparison of experimental
EBSPs with dynamically simulated EBSPs makes it possible
to assign the correct (hkl) and (-h-k-I) to the Kikuchi band
edges and thus determine the direction of the polar c-axis in
the GaN NWs.

Figure 9(a) shows a backscattered electron image of the
area of the sample investigated by EBSD and CL hyper-
spectral imaging. Figure 9(b) shows a cross-correlation dif-
ference map showing N-polarity in blue and Ga-polarity in
red, overlaid on a backscattered electron intensity image
derived from raw EBSPs. The cross-correlation coefficient is
a measure of the agreement between the experimental and
simulated patterns [78, 79]. Figure 9(b) reveals that some of
the NWs are N-polar and some are Ga-polar. A number of the
NWs are also of mixed polarity and will contain inversion
domain boundaries as reported in [80, 81].

The polarity of some of the NWs is also indicated with
the blue (N-polarity), red (Ga-polarity) and green (mixed
polarity) coloured circles on figure 9(a). Example exper-
imental EBSPs from N- and Ga-polarity wires are shown in
figures 9(c) and (d) respectively, these were acquired from the
NWs marked by the blue and red crosses in figure 9(a). The
corresponding simulated patterns are shown in figures 9(e)
and (f). The differences between the experimental EBSPs
from the N- and Ga- polarity wires are highlighted in the
normalised intensity difference of the two experimental pat-
terns in figure 9(g). Figure 9(h) shows the same for the
simulated EBSPs. The greatest differences in intensity man-
ifest as ‘lines’ of blue and red. This is a result of the opposite
asymmetries in the intensity distributions for Kikuchi bands
corresponding to semi-polar planes for the two polarities, as
indicated by the black and white arrows in figure 9(h).

Figure 10 shows room temperature CL spectra from the
top surface of the NWs. These were extracted from the CL
hyperspectral data set and categorised according to the
polarity determined by EBSD. Figures 10(a) and (b) show the
CL spectra of the GaN NBE emission for several Ga-polar
and N-polar NWs, respectively, normalised to the NBE peak
height and offset vertically for clarity. The Ga-polar NWs
exhibit a dominant NBE emission at 368 nm, whereas the
N-polar NWs emit at 365 nm. This wavelength (energy) shift
of 3 nm (30 meV) may be due to several factors. The different
growth condition for each polarity can cause changes in
overall strain. Different polarities are also known to show
changes in impurity incorporation, such as Si-doping, leading
to a redshift in the band edge emission of Ga-polar material
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Figure 9. (a) Backscattered electron image of the area of the sample investigated by EBSD. The NWs circled in blue are N-polarity, those
circled in red are Ga-polarity and those circled in green are mixed polarity. (b) Cross-correlation difference map indicating N-polarity in blue
and Ga-polarity in red, overlaid on a BSE intensity image derived from the raw EBSPs. (c) Experimental EBSP from the point marked with a
blue cross from a GaN NW with N-polarity, (d) experimental EBSP from the point marked with a red cross from a GaN NW with Ga-
polarity. (e), (f) Simulated patterns for N and Ga-polarity, respectively. (g) Normalised intensity difference image of the experimental EBSPs
(from (c) and (d)), and (h) normalised intensity difference image of simulated EBSPs (from (e) and (f)). The white arrow points to {10-11}
and the black arrow points to {10-1-1}. Reproduced from [40]. CC BY 4.0.

compared with N-polarity [82, 83]. Figures 10(c) and (d) offset and showing the entire recorded spectral range
display the same CL spectra as figures 10(a) and (b) but now including the yellow band (YB) emission for Ga-polar and
normalised to the GaN NBE peak height, without the vertical N-polar NWs, respectively. Comparing the YB emission of

1
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Figure 10. Room temperature CL spectra extracted from a single hyperspectral CL data set, showing the GaN NBE emission for several
(a) Ga-polar and (b) N-polar nanowires. The spectra are taken from the top of the nanowires, are normalised to the GaN NBE peak height,
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Reproduced from [40]. CC BY 4.0.

the set of Ga-polar and N-polar NWs, the N-polar NWs show
an overall reduced contribution from the defect-related YB
emission which relates to a reduction of defects contributing
to this emission [84].

To summarise, by combining EBSD and CL it is possible
to determine the polarity of a noncentrosymmetric semi-
conductor structure on the nanoscale and investigate the
influence of polarity on light emission properties. For a dis-
cussion of what may determine the polarity of a given NW,
see [85] for example. How the NWs nucleate seems to be key
to their final polarity. As EBSD and CL are non-destructive
techniques, their use to characterise a systematic set of sam-
ples grown under different growth conditions maybe one
approach to shed more light on why a given rod possesses
Ga-, N- or mixed polarity.

5. Summary and conclusions

In summary, we have illustrated the capabilities of the SEM
techniques of ECCI, EBSD and CL which can be used to
provide complementary information on material properties
encompassing topography, structure, composition and light
emission down to the nanoscale. Recent general availability
of environmental /variable pressure SEMs has also made the
characterisation of wide bandgap and therefore resistive
materials such as AIN and AlGaN in the SEM far more
accessible. We have shown that used together, EBSD and
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ECCI can provide valuable information on misorientations
and on extended defects such as dislocations. If ECCI is
combined with CL, the influence of extended defects on light
emission can be investigated and if EBSD is combined with
CL, the influence of structural properties, such as polarity, on
light emission can be determined. In conclusion the SEM is a
very powerful tool with which to investigate both structural
and light emitting properties of semiconductors.
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