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Abstract. In this article we describe the scanning electron microscopy (SEM) techniques of
electron channelling contrast imaging and electron backscatter diffraction. These techniques
provide information on crystal structure, crystal misorientation, grain boundaries, strain and
structural defects on length scales from tens of nanometres to tens of micrometres. Here we
report on the imaging and analysis of dislocations and sub-grains in nitride semiconductor thin
films (GaN and AIN) and tungsten carbide-cobalt (WC-Co) hard metals. Our aim is to illustrate
the capability of these techniques for investigating structural defects in the SEM and the benefits
of combining these diffraction-based imaging techniques.

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].
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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 30 keV, is rastered over the surface
of a sample. Less well known are the techniques of electron channelling contrast imaging (ECCI) [5-14]
and electron backscatter diffraction (EBSD) [5-6, 14-20], which exploit diffraction to provide
information on crystal structure, crystal misorientation, grain boundaries, strain and structural defects
such as dislocations and stacking faults. Here we provide an overview of these techniques and illustrate
their application by describing some of our recent investigations of the structural properties of nitride
semiconductor thin films (GaN and AIN) and WC-Co hard metals.

To carry out our measurements we use a range of SEMs equipped with both commercial and bespoke
detection systems. 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 environmental/variable pressure SEM (Quanta SEM) equipped
with gaseous electron detectors for electron detection when the SEM is used in low vacuum or
environmental modes. The Quanta SEM is also equipped with an Oxford Instruments Nordlys EBSD
detector and forescatter diodes for EBSD and ECCI measurements respectively. The ability to vary the
chamber pressure in the Quanta SEM allows the dissipation of charge and therefore imaging of high
resistivity materials such as AIN.

2. The electron backscatter diffraction (EBSD) and electron channelling contrast imaging
techniques (ECCI)

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 provide 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
specimens this usually requires careful sample polishing to produce a high quality surface [10], this is
also the case for semiconductor wafers cut from bulk crystals. 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, the 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. The 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
[5-14,21-29]. The conditions required to resolve individual dislocations in an electron channelling
contrast image are quite stringent: an electron beam with a small spot size (nanometres), high brightness
(nanoamps or higher) and low divergence (a few mrad) is required [5, 30]. Such conditions are met in
a field emission gun SEM. The ECCI micrographs shown in this paper were acquired at 20 - 30 keV
and we show ECCI micrographs where dislocations of order 80 nm apart can be resolved. ECCI
micrographs can be acquired at lower electron beam energies, for example see refs. [29] and [31]. In
ref. [29] the smallest size of the investigated 3D structures revealed in their ECCI micrographs was
28 nm. While ECCI is an excellent technique for revealing and quantifying defects which reach the
surface, and we show some example results in sections 3.1 and 3.3, it is harder to quantify dislocations
below the surface due to the surface sensitivity of the ECCI technique and the difficulty in determining
its precise sampling depth. Some control of the sampling depth can be achieved by changing the electron
beam energy. It is possible to obtain quantitative data on dislocations which lie below the surface, as



EMAS 2019 IOP Publishing
IOP Conlf. Series: Materials Science and Engineering 891 (2020) 012023 doi:10.1088/1757-899X/891/1/012023

illustrated for example by the paper by Carnevale ef al. [22] on misfit dislocations in GaP. They were
able to image dislocations lying at up to around 100 nm from the surface, where they acquired ECCI
micrographs at a beam energy of 25 keV in the backscatter geometry (see discussion below).

Figure 1 illustrates the two geometries, namely the backscatter and forescatter geometries which are
used to acquire ECCI micrographs. The backscatter geometry (Fig. 1a) has the advantage that this
geometry does not require a high tilt of the sample and, therefore, a significant correction of the image
to account for tilt is not required. This geometry also allows the easiest imaging of large samples, for
example full semiconductor wafers. The forescatter geometry (Fig. 1b) has the advantage that images
exhibit better signal-to-noise compared to the backscatter geometry due to the increase in intensity of
backscattered electrons. The detector used to detect the backscattered electrons is generally an
electron-sensitive diode. Key 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.

incident beam

BSE detector under

pole pieces inclined sample

=35°-70°
Sample inclined by
a few degrees to =~ 40° detector
a) b)

Figure 1. [llustrating the a) backscatter, and b) forescatter geometries for acquisition of ECCI
micrographs [reproduced from 32].

2.2. 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 diverging source of electrons, which
can be diffracted. The resultant electron backscatter pattern (EBSP) consists of a large number of
overlapping bands, known as Kikuchi bands, which are closely related to a 2D projection of the crystal
structure, where each Kikuchi band corresponds to a set of planes, as illustrated in Fig. 2b. EBSPs are
generally detected by an electron sensitive phosphor or scintillator screen and a charge-coupled device
(CCD) or complementary metal-oxide semiconductor (CMOS) camera [15] (see Fig. 2a), although there
have been recent developments of direct electron cameras [33-34]. The EBSP shown in Fig. 2b 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 and pattern acquisition down to 3 keV is achievable [30]. EBSD is a well-established technique
for texture analysis and for quantifying grain boundaries and crystal phases [5-6, 14-20].
The introduction of cross-correlation based analysis of EBSPs has also made possible measurements of
relative strain, geometrically necessary dislocations, and lattice tilt and twist [16, 35], antiphase domains
[36] and crystal polarity [37-38].
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Figure 2. a) Illustration of the EBSD detection geometry and a conventional EBSD detector, and
b) an EBSP from Si acquired at an energy of 20 keV with a collection angle of = 50°. The red lines
outline Kikuchi bands corresponding to {200} planes, the blue lines outline Kikuchi bands
corresponding to {220} planes. Adapted from [34] under Creative Commons Attribution (CC BY)
license: http://creativecommons.org/licenses/by/4.0/.

3. Example results

3.1. The use of ECCI to image sub-grains and dislocations in a GaN thin film

Figure 3a shows an ECCI micrograph of a GaN thin film grown on c-plane sapphire by metalorganic
vapour phase epitaxy (MOVPE). The ECCI micrograph was acquired at an electron beam energy of
30 keV in the forescatter geometry in the Sirion SEM. The variation in grey scale in the ECCI
micrograph is a result of small differences in orientation of sub-grains in the thin film. This is
highlighted in the pseudo-colour image in Fig. 3b. The “spots” in the image, most of which exhibit
a black-white contrast (see inset of Fig. 3a for example), are threading dislocations; that is dislocations
which thread through the thin film to the surface and are caused by the growth on the lattice-mismatched
sapphire substrate. The threading dislocations propagate to the surface of the sample and are revealed
due to associated strain fields [39]. For this GaN thin film the average threading dislocation density was
determined to be = 3 x 10* cm™. A large number of the threading dislocations are seen to lie on sub-grain
boundaries. Note that in order to reveal all misorientations, and thus all the sub-grain boundaries,
anumber of ECCI micrographs need to be acquired under a range of diffraction conditions [40].
To select a particular diffraction condition, that is to select the plane or planes from which the incident
electron beam will be diffracted (usually referred to as selecting the g-vector), it is necessary to acquire
an electron channelling pattern (ECP). This is discussed in Section 3.2. 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 for an AIN thin film is presented in Section 3.3.

3.2. 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 Kikuchi bands superimposed on the image of the
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Figure 3. ECCI micrograph from a GaN thin film presented as a) a grey scale image, and
b) a pseudo-colour image.

sample; an ECP from a GaN thin film is shown in Fig. 4. The ECP, like an EBSP (the two are related
by reciprocity), 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 diffraction simulations allows the pattern to be indexed, i.e., the planes in the ECP can be
identified. In this case Fig. 4a shows a dynamical simulation [41] and illustrates the detail achievable
in such simulations, such detail can greatly facilitate the indexing of the ECP. Figure 4c is a kinematical
simulation (produced with ESPRIT DYNAMICS (Bruker Nano) software) and is included to highlight the
indices of some of the planes giving rise to the Kikuchi bands observed in the ECP. 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 Fig. 4, the incident electron beam was
diffracted from one of the {11-20} planes; so the g-vector is one of {11-20}.

Figure 4. 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 one of the {11-20} Kikuchi bands; so the g-vector is one of {11-20}. [Reproduced from 32].
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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°), leading to the formation of an
ECP [9]. Note that this method of acquiring an ECP is only possible if the scanned area of the sample
(of order 5 mm x 5 mm in size) is smooth and all of the same crystallographic orientation. An ECCI
micrograph is obtained on zooming in on the PC by increasing the magnification. At higher
magnification the beam has a fixed angle 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
10 pm x 10 um down to of order 500 nm x 500 nm in size [42]. 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, in particular when it is applied to the identification of unknown
extended defects such as dislocations and stacking faults.

3.3. The use of ECCI and EBSD to investigate sub-grains and dislocations in a c-plane AIN thin film
Figure 5 shows ECCI micrographs and EBSD maps from a c-plane AIN thin film overgrown by MOVPE
on a nano-patterned sapphire substrate (nPSS). For this sample the sapphire substrate has a 0.1° offcut
towards the sapphire m-plane. The experiments were performed in the Quanta SEM operated in
low vacuum mode (0.5 mbar) to avoid charging of the insulating AIN sample.

. E A "
o0 =~ . 005 ! = b - B .
g N — + S — ] 5
| g R 0 i h. 0

Figure 5. ECCI micrographs and EBSD maps from a c-plane AIN thin film. a) ECCI micrograph,
acquired at an electron beam energy of 25 keV, revealing sub-grains. The inset shows a higher resolution
ECCI micrograph revealing threading dislocations (“spots” exhibiting black-white contrast). b) Grain
reference orientation deviation (GROD) map, and ¢) GROD z-rotation map where the colours denote
direction of rotation around the c-axis. The red regions are rotated in the opposite direction to the blue
regions as indicated by the blue and red hexagons. The GROD and GROD z-rotation maps were derived
from EBSD data acquired at 20 keV. Note that the ECCI micrograph and EBSD maps were acquired
from the same sample, but not from the same area of the sample. Adapted from [45] under Creative
Commons Attribution (CC BY) license: http://creativecommons.org/licenses/by/4.0/.

The contrast in the ECCI micrograph of Fig. 5a is a result of small differences in orientation of
sub-grains in the thin film. The inset shows a higher resolution ECCI micrograph where threading
dislocations propagating to the surface of the sample are revealed; the threading dislocation density was
determined to be 1.5 x 10° cm™. A significant number of the threading dislocations are located on the
sub-grain boundaries. As stated previously in Section 3.1, while ECCI reveals differences in orientation
between sub-grains, it does not provide a measure of the magnitudes and directions of these
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misorientations. Figure 5b shows a grain reference orientation deviation (GROD) map, the deviation of
orientation of the sub-grains relative to a reference orientation [17]. In this case the reference orientation
is the c-direction; that is the [0001] direction. The GROD map was produced from EBSD data using
MTEX [43]. The first step of the analysis involved comparison of each EBSP with dynamical
simulations [41]. This pattern matching approach was used in the EBSD analysis as it substantially
improves orientation precision [44]. Figure 5c¢ is a GROD z-rotation map showing the rotation of the
sub-grains with respect to the nominal sample normal, i.e., around the c-axis. The colours, blue and red,
denote the direction of this in-plane rotation. The red regions are rotated in the opposite direction to the
blue regions.

The results presented above 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. Figure 5 and its inset each took around 10 minutes 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 Fig. 5 were derived, took of order three hours to
acquire. The EBSD data acquisition was then followed by further data analysis which is also
time-consuming. In spite of this, both techniques share the advantages of being non-destructive and can
be used to interrogate large areas of a sample.

3.4. The use of ECCI and EBSD to investigate sub-grains in an as-sintered WC-Co hard metal sample
Figures 6a to 6¢ show an ECCI micrograph, a GROD map and a GROD axis map from WC grains of
an as-sintered WC-Co hard metal sample. The sample was first mechanically polished to an optical
finish using standard metallographic techniques, finishing with a colloidal silica polish, which leaves
a mirror finish and no visible scratches on the surface. It was also further polished in a Hitachi IM4000
argon ion beam polishing system to remove any fine scratches due to the mechanical polishing. This
created a polished surface ready for examination in the SEM. While producing a scratch free surface,
ion beam polishing induces shallow (of the order of 10 nm) dimples in the WC grains despite rotation
under the ion beam to even out variation in milling rate with grain orientation: these dimples need to be
taken into account when analysing the acquired data.

Upper hemisphere Lower hemisphere

Figure 6. ECCI and EBSD maps from WC grains of an as-sintered WC-Co hard metal. a) ECCI
micrograph acquired at 20 keV, b) GROD map, and c) a GROD axis map. The GROD and GROD axis
maps were derived from EBSD data acquired at 20 keV. Note in this case the ECCI micrograph and
EBSD maps were acquired from the same area of the sample. Reprinted in part from [46] with
permission from Elsevier.
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For the GROD axis map each pixel has a value denoting the rotation axis with respect to the mean
axis for that grain, as defined by the colour key to the right of the image. The ECCI micrograph and
EBSD maps reveal sub-grains within nominally single crystal WC grains, indicating how the large
grains may have evolved during the sintering process. ECCI also reveals dislocations within the WC
grains [46]. In this case the EBSD derived maps again provide quantification of the sub-grain
misorientations; the GROD axis map reveals the misorientations are around more than one axis. The
colour key indicates the direction of the misorientation axes in real space above (upper hemisphere) or
below (lower hemisphere) the sample. The black dots indicate these directions for each point in the
map.

4. Summary

To summarise, we have shown that ECCI allows direct, fast imaging of dislocations and sub-grain
boundaries, while EBSD provides quantitative information on the magnitude and direction of
misorientations in the sample. Both techniques share the advantages of being non-destructive and can
be used to interrogate and provide valuable, complementary information on defects and crystallographic
properties from large areas of a sample.
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