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Summary

We analyse the signal formation process for scanning electron
microscopic imaging applications on crystalline specimens. In
accordance with previous investigations, we find nontrivial
effects of incident beam diffraction on the backscattered elec-
tron distribution in energy and momentum. Specifically, inci-
dent beam diffraction causes angular changes of the backscat-
tered electron distribution which we identify as the dominant
mechanism underlying pseudocolour orientation imaging us-
ing multiple, angle-resolving detectors. Consequently, diffrac-
tion effects of the incident beam and their impact on the sub-
sequent coherent and incoherent electron transport need to
be taken into account for an in-depth theoretical modelling of
the energy- and momentum distribution of electrons backscat-
tered from crystalline sample regions. Our findings have impli-
cations for the level of theoretical detail that can be necessary
for the interpretation of complex imaging modalities such as
electron channelling contrastimaging (ECCI) of defectsin crys-
tals. If the solid angle of detection is limited to specific regions
of the backscattered electron momentum distribution, the im-
age contrast that is observed in ECCI and similar applications
can be strongly affected by incident beam diffraction and topo-
graphic effects from the sample surface. As an application, we
demonstrate characteristic changes in the resulting images if
different properties of the backscattered electron distribution
are used for the analysis of a GaN thin film sample containing
dislocations.

Introduction

The image in the SEM can change completely if the position of the
collector is changed.
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0. C. Wells (1970) (Wells, 1970)

The scanning electron microscope (SEM) is a versatile tool
for imaging purposes across a wide range of application fields.
As the image formation process in the SEM is fundamentally
governed by the local interaction of the incident electron beam
with the sample, it is of central importance to have a compre-
hensive understanding of the complexity of the various signal
generation mechanisms, which can be provided, for exam-
ple via backscattered and secondary electrons, by Auger elec-
trons, as well as by X-ray emission and cathodoluminescence
(Venables et al., 1986; Goldstein et al., 2003).

In this respect, the detailed interaction physics of energetic
electrons with condensed matter is of paramount importance,
including the multiple elastic and inelastic scattering of the
incident electrons. It is well known that angle-resolved detec-
tion of electrons in specific energy ranges can provide useful
imaging modalities in the SEM (Niedrig, 1978; Wells, 1979;
Reimer, 1998; Rau & Reimer, 2001). With the widespread
availability of advanced two-dimensional (2D) imaging detec-
tors in the SEM, an improved experimental characterization
of the pertinent effects involved and their correct theoretical
description by computational simulations acquires renewed
importance (Wells et al., 2012; Jaksch, 2012; Walker et al.,
2016; Forbes & Allen, 2016). This is the more so important in
the case of crystalline materials, for which the signal genera-
tion process can obviously be influenced by diffraction effects
due to the local crystal lattice, providing orientation contrast
in the SEM (Prior et al., 1996; Day & Quested, 1999; Wright &
Nowell, 2006; Day, 2009; Schwarzer & Sukkau, 201 3; Wright
etal, 2015).

As an example for advanced SEM imaging from polycrys-
talline materials, we show in Figure 1 a pseudocolour image
of a deformed region found in an iron meteorite from Campo
del Cielo (Buchwald, 1975). The image was obtained using an
electron backscatter diffraction (EBSD) detector (e'FlashHR+,
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Fig. 1. Pseudocolour SEM image of the microstructure of an iron meteorite
(Campo del Cielo) displaying strained regions due to plastic deformation
around an inclusion of fractured schreibersite, and regions due to shock-
deformation twinning (Neumann bands) which are visible as narrow
stripes.

Bruker Nano, Berlin, Germany) equipped with a forward- and
backscattered electron detection system (ARGUS™, Bruker
Nano, Berlin, Germany). The pseudocolour image of the me-
teorite sample is derived from the electron signal collected by
the three forward-scattering diodes (FSDs) as seen near the
lower edge of the phosphor screen in Figure 1. The three FSDs
1, 2 and 3 in turn correspond to the red, green and blue colour
channels. In the meteorite image, we can distinguish in the
iron matrix an inclusion, which was subsequently determined
via energy-dispersive X-ray spectroscopy and EBSD to consist
of a phosphide (Schreibersite, (Fe,Ni);P). This brittle inclu-
sion is fractured by cracks presumably stemming from shock
deformation of the meteorite. In the image, we also see shock-
deformation twins (Neumann bands) as well as the results of
significant plastic deformation with residual strains especially
along the interface to the inclusion. All this crystallographical

information is available locally, with spatial resolution on the
submicron scale, and a central purpose of this paper is to
better understand the image formation process that leads to
such rich information content from SEM images of polycrys-
talline materials. To study the signal formation process in the
SEM under very controlled conditions, we conducted reference
experiments at crystalline model systems. In these measure-
ments, we are directly utilizing the EBSD pattern intensity cap-
tured on the phosphor screen of the EBSD detector shown in
Figure 1. In this way, we are able to discriminate in a well-
defined way between different angle-dependent effects that
can possibly influence the signal generation process on angle-
resolving detectors like the FSDs.

Predominantly, two closely related methods, EBSD
(Dingley, 2004; Schwartz et al., 2009) and electron chan-
nelling patterns (ECPs) (Joy et al., 1982), are employed as
diffraction methods in the SEM, with ECP also providing the
foundation of electron channelling contrast imaging (ECCI)
(Wilkinson & Hirsch, 1997; Zaefferer & Elhami, 2014). The
main difference between these two methods is that, in ECP,
diffraction effects are sensed predominantly via the incident
beam, compared to diffraction effects in the outgoing direc-
tions for EBSD (Reimer, 1998; Wells, 1999). Both methods
are based on the Kikuchi diffraction mechanism (Alam et al.,
1954), which conveys local crystallographic information on
orientations and phases in the sample.

Our objective is to present and analyse measurements that
clearly show that the interrelation of both types of diffraction
effects, incident beam and outgoing beam diffraction, cannot
be neglected for the diffraction-based imaging applications in
the SEM once the angular acceptance in the incident and
exit pathways is limited. The examples will demonstrate the
implications of incident beam diffraction effects in nontrivial
properties of the backscattered signal, most prominently in the
angular dependence of the backscattered intensity distribution
that is observed with angle-resolved, 2D detection typically
appliedin EBSD and in derived imaging modalities based on the
angle-resolved detection of backscattered electrons (Payton &
Nolze, 2013; Wright et al., 2015).

Experimental and theoretical details

The main results of this paper in Section III.A.2 were mea-
sured on commercial Si(001). The measurements were car-
ried out using a LEO 1530VP (Zeiss, Jena, Germany) field
emission scanning electron microscope (FE-SEM) at an accel-
eration voltage of Ey = 20 kV (beam current: <10 nA). To
optimize the effect of diffraction, the incident beam was maxi-
mally defocussed (working distance = focus position: 50 mm)
to better approximate an incident plane wave beam. By using
low-magnification scanning (45 x), the angle of incidence is
changing significantly with the spatial position of the incident
beam, and thus an ECP can be observed on a single-crystal
sample (Wells, 1974; Reimer, 1998). Moreover, this setup
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Fig. 2. Incident-beam channelling effects in silicon measured with an electrostatic electron energy analyser in a setup with fixed angle of 44.3° between
incident and outgoing beam direction. In the experimental data, a vertically emphasized intensity for all outgoing directions ¢ occurs for incident
directions near prominent zone axes. For an explanation of the geometry of the experiment and further details, see (Vos & Winkelmann, 2016).

simultaneously provides topographic reference contrast from,
e.g. surface contamination, which allows us to compare the
effects of diffraction and topographic changes on the outgoing
intensity. For the ECP to be measured in a gnomonic projection
even on a tilted sample surface, the tilt-correction of the SEM
has to stay switched off.

Backscattered electrons (BSE) were collected by an EBSD de-
tector using a standard measuring configuration with a 70°
sample tilt as shown in Figure 1. EBSD patterns in 8bit mode
with resolutions of 400x300 pixels have been stored for a to-
tal mapping grid of 640x480 measurement positions, which
also represent an equal number of different incident-beam
directions (acquisition time:15 ms, detector-sample distance:
18 mm). The acquired raw EBSD pattern data were stored as
measured, without further image processing, for the subse-
quent analysis (the data are available as a 37 GB file in HDF5
format). During the subsequent data analysis, we defined small
rectangular regions of interest (ROI) in the stored raw EBSD
patterns to extract angle-resolved intensity data for ‘virtual
FSD’ (vFSD) imaging (see the vFSD-ROIs R,M,L in Fig. 1 in
comparison to the real FSDs nearby).

To demonstrate the correct symmetry assignment to the
outgoing and incident effects, we use a comparison of the mea-
sured intensity distribution patterns with simulated Kikuchi
patterns (Winkelmann et al., 2007) of Silicon as carried out
using the software ESPRIT DynamicS (Bruker Nano). These
simulations are also used to calibrate the gnomonic projec-
tion of the measured EBSD patterns for the position-dependent
projection centre.

Results and discussion

Symmetry analysis

Combined effects of incident-beam and exit-beam diffraction.  In
order to shortly recall the basic understanding of the combined

role of the diffraction of incident and outgoing pathways in
EBSD measurements (Reimer, 1998; Wells, 1999), we show
in Figure 2 measurements that were taken under controlled
conditions for incident and exit directions using a special elec-
tron spectrometer with a fixed geometry between the incident
beam and the detected outgoing directions. For the details
on the experimental setup and the measured data, see Vos &
Winkelmann (Vos & Winkelmann, 2016).

The sample orientation relative to the incident and outgoing
beam directions is controlled by rotating the sample around
the #-axis. The observed electrons have been scattered over
a constant angle of 135.7°. In a backscattering geometry,
this results in an exit direction that is 44.3° shifted in 6 with
respect to the incident beam, which is sampling approximately
the horizontal dashed line in the lower panel of Figure 2. The
exit directions are measured as azimutal directions ¢ on the
cone of constant scattering angles and are plotted along the
vertical direction in Figure 2. Although the general pattern
of the observed diffraction features in the experimental data
corresponds to the symmetry of the exit directions (similar
to EBSD), we also observe an increase in intensity when the
incident beam is aligned with a strong zone axis as can be
seen by the red arrows. In this case, the backscattered in-
tensity is increased for all directions ¢ that correspond to
a fixed incident beam direction, and this causes the verti-
cal stripes in the experimental data. The data shown in Fig-
ure 2 clearly support the standard interpretation provided
by the reciprocity principle (Reimer, 1998; Wells, 1999):
When the incident beam is diffracted in such a way as to
distribute electrons inside the crystal predominantly to the
atomic sites, more electrons are backscattered (— ECP). The
modulated total number of backscattered electrons is then
subsequently diffracted on the outgoing pathway (— EBSD).
The data shown in Figure 2 are fully consistent with this ba-
sic picture of the interplay between incident and outgoing
beam diffraction. The following measurements will reveal an
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additional fine detail of this interplay, which will turn out
to be absolutely crucial for SEM diffraction-based imaging
applications.

Incident beam diffraction and the angular BSE distribution.  The
data in the previous section (Fig. 2) showed very clearly that
the overall BSE intensity is affected by incident beam diffrac-
tion, i.e. there are in total more electrons backscattered and
diffracted on the outgoing pathway when the incident beam
electrons inside the crystal are redistributed into Bloch waves
that overlap strongly with the atomic sites. This was proven
by crystallographic correlation of the incident-beam direction
with the observed BSE-intensity distribution. In addition to
this straightforward total intensity effect, we will show in
this section that there is also a concurrent change in the
angular distribution of the varying total BSE yield. The com-
bination of both, overall scaling and angular changes, can
lead to nontrivial signal effects if electrons are collected in
a limited range of scattering angles and energies only. This
is why we will investigate in this section the impact of the
incident-beam diffraction on the angular variation of the BSE
signal, which will then lead us to the main result of this
paper.

The measurements discussed in this section involve the
scanning of an electron beam over the surface of an Si wafer
and the simultaneous collection of electron backscatter diffrac-
tion patterns for each incident beam position (which is related
to a corresponding incident beam direction). As can be seen
by the ECP in Figure 3, the incident beam (A) covers a much
smaller angular sector than does the outgoing signal seen in
the EBSD pattern in (B). It is the characteristically different ap-
pearance of these two patterns that will allow us to recognize
the effect of incident beam diffraction purely by the character-
istic geometry and the symmetry of the ECP in Figure 3 (A).

For each of the 640 x 480 data points displayed in the ECP
in Figure 3 (A), an EBSD pattern was collected and saved for
further image processing. The applied image processing steps
are shown in the left part of Figure 4. In Figure 4 (A), a rep-
resentative raw EBSD pattern is given, (B) shows the smooth
background (BG) obtained after low-pass fast Fourier trans-
form (FFT) filtering and (C) displays the relative fraction of the
raw EBSD pattern assigned to backscatter Kikuchi diffraction
(BKD) as the difference of (A) and (B) normalized to the smooth
background: (C) = [(A) — (B)]/(B). Figure 4 (C) shows that
the signal contribution that is due to the BKD features can
reach about 10 to 15% relative to the background intensity.

To characterize the intensity distribution in the patterns in
dependence on the beam position and thus also with respect
to the incident beam diffraction, we need an image descriptor
that can reliably capture the corresponding changes which are
induced in the patterns. The centre of mass (COM) is among
the simplest of a number of possible image descriptors (Jahne,
2005) that will react to changes in the relative image inten-
sity distribution. We thus calculated the pixel position rcoy of

0.06

0.04

0.02

0.00

Yp/zp

-0.04

-0.06
-0.06

-004  -0.02 000 0.02

mB/ZB

(A) Incident beam diffraction: ECP

0.04 0.06

(B) Outgoing diffraction: EBSD

Fig. 3. Crystal geometry of incident versus outgoing directions. (A) ECP
pattern due to low-magnification incident beam scan on a single-crystal
Si(001) sample. (B) Representative EBSD pattern at one selected map posi-
tion ofthe incident beam. The patterns are superimposed on corresponding
simulations calibrated in gnomonic projection.

the COM of the measured images, with the pixel intensity
interpreted as a mass density:

1 ( donn - I(xn, yn) ) (1)
>op Lxp, yp) \ 2op Um - Txm, Ywmr)

with I(xp, yp) as the intensity at pixel P. Changes in rcoum
will serve as a proxy for changes in the angular distribution
of the detected intensity, because a redistribution of intensity
within the image will move the centre of mass. Moreover,
for a Kikuchi pattern calibrated with respect to its gnomonic
projection parameters, we can additionally assign to the 2D
pixel rcoym a corresponding three-dimensional unit vector that
describes the direction from the projection centre (the beam
spot on the sample) to the position of rcoy on the detector

I'com =
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screen. This will make it possible to quantify angle-dependent
changes in the measured Kikuchi patterns.

The COM approach ismodel-free in the sense that it is largely
insensitive to specific assumptions about, e.g. the actual shape
of the background intensity and the signal-to-background ra-
tio. The analytic form of these contributions is not exactly
known in the general case, which limits the accuracy of op-
timization approaches that fit model parameters to the ex-
perimental data (e.g. assuming a 2D Gaussian function or a
combination thereof to approximate the background).

The actual positions of rcoy in the measured data are shown
as examples by the red dots in Figure 4 for each specific EBSD
signal contribution. In the right part of Figure 4, we plot rcoum
forallthe 640 x 480 measured map positions which represent
different incident beam directions. Using partially transparent
discs for rcoy, this allows us to visualize in a very direct way
how rcoum of the outgoing pattern changes with the beam posi-
tion and thus with the angle of incidence of the incident beam.
Each position of the COM is shown as a semitransparent disc.
Overlap of discs is caused by deviations of the COM from a regu-
lar scanning grid and these deviations then produce the darker
regions which are in accord with the symmetry of the incident
beam geometry. The symmetric features in this distribution
become immediately apparent to the eye.

The puzzling behaviour we observe in rcoy is controlled
by two main effects. First, rcop will change in a very regular
way simply due to the regular scanning of the incident beam
which can be seen to move the whole intensity distribution
in the EBSD pattern on the phosphor screen right to left and
bottom to top. This causes the overall roughly rectangular
appearance of the area spanned by the rcoy data points, with
an approximate size slightly larger than 2 x 2 mm. This cor-
responds roughly to the area scanned by the incident beam
(considering the clipping effects at the pattern borders). Im-
printed on these regular changes caused by the systematically
translated incident beam position, we can immediately rec-
ognize in Figure 4 (A) the strikingly symmetric deviations of
rcom that lead to the appearance of a symmetric structure in
the visualized data. The deviations resemble the crystal-lattice
symmetry for the ECP seen in Figure 3. When looking at the
patterns while the SEM beam is moving over the sample, we
could thus possibly sense an additional shift of the intensity
distribution when the beam is incident near the edge of an
ECP Kikuchi band, where diffraction effects are strongest !.
In the absence of a relevant theoretical simulation, we can-
not actually predict in which direction this additional shift
in the background intensity will happen. However, all that is
important for our general, symmetry-based argument is that
we observe an effect with the symmetry of the incident beam
geometry in the quantity rcoy. Correspondingly, this means

! In the Supplementary Figure S1, we give a high-resolution plot of the data shown
in Figure 4 (A), which should enable the reader to study the intricate and strikingly

beautiful details of the experimental rcoy distribution.

that the effect on rcoy must be influenced by diffraction of the
incident beam. In accordance with Curie’s Principle (Curie,
1894), the validity of this reasoning does not depend on the
ability to quantitatively predict the effectin rcoy; it is purely the
observation of a specific symmetry that allows us to conclude
on the operation of a cause which has at most that symmetry
(Shubnikov & Koptsik, 1974).

This interpretation can be further specified by the analysis of
the BKD fraction of the EBSD pattern as shown in the bottom
panel of Figure 4. The image processing removes nearly all
of the background intensity and predominantly leaves the
intensity variations due to the outgoing beam diffraction. As
can be seen, this results in a substantial reduction of both the
effects of the beam position change and the suppression of the
incident beam diffraction features. The remaining changes in
rcom of the BKD fraction are due to the changing gnomonic
projection parameters, which translate the EBSD pattern in a
regular way over the crystallographic features. This projective
translation will still lead to a net change of rcoyn, which will
be observed, however, at an overall different position that is
determined by the structure of the BKD pattern, and not of the
ECP. In striking contrast, in the middle panel of Figure 4, we
observe for rcoy basically the same behaviour as in the raw
EBSD pattern if we take only the background part obtained by
FFT-filtering. This contribution should be nearly devoid of any
influence due to the exit path diffraction features seen in the
lower panel. Compared to the smooth background intensity (B)
as the dominating signal part, the outgoing diffraction effects
of the BKD pattern (C) appear to be relatively insignificant.

The observations shown in Figure 4 thus lead to the main
conclusion of this paper:

The smooth background intensity distribution in an EBSD pattern
is influenced by diffraction of the incident beam in such a way that
the centre of mass rcom of the EBSD pattern shows a change that
corresponds to the symmetry of the incident beam geometry.

Such a symmetry-related change of the rcoy -observable is
due to a corresponding change in the angular distribution of
the backscattered intensity distribution, which we illustrate
schematically in Figure 5. The figure shows an idealized sit-
uation in an SEM at high magnification, characterized by a
constant angle of the incident beam and the surface plane.
We consider the formation of orientation contrast from grains
in the sample. In this way, we exclude all effects on the BSE
distribution which are not due to diffraction effects but which
are caused by a changing angle of incidence to the surface
as was discussed above. The total BSE yield near a Kikuchi
band edge in dependence on the angle of incidence relative
to a lattice plane is shown in Figure 5(A). As is well known,
the Kikuchi band edge profile near a Bragg reflection is due
to the selective excitation of two types of Bloch waves that
distribute electrons predominantly onto atomic sites for an-
gles slightly smaller than the Bragg angle, case (H), or be-
tween atomic sites for angles larger than the Bragg angle, case
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Fig. 5. Schematic representation of the influence of diffraction effects on
the angular distribution of backscattered electrons. (A) Total BSE yield
in dependence on the angle of incidence near a Kikuchi band edge. The
edge profile is due to the selective excitation of Bloch waves near a Bragg
reflection (Joy et al., 1982). (B) The corresponding qualitative changes in
the angle-resolved BSE distribution, relative to a reference situation (O)
with negligible diffraction effects. The angular BSE distribution is changed
in dependence on the relative orientation of the local surface plane, the
incident beam and the reflecting lattice planes in the probed region of the
sample. In accordance with panel (A), the total BSE yield is increased for
an angle of incidence (H), but the angular BSE distribution is also tilted
relative to (O). Similarly, the BSE yield is reduced and tilted differently for
the angle of incidence (L). The changes of (H) and (L) relative to (O) are
due to the influence of diffraction effects on the scattered electron mo-
mentum distribution inside the sample, which correspondingly modifies
the electron distribution in direction and energy outside the sample. We
note that the angular changes shown are purely qualitative and do not
imply a prediction of the actual size and direction of the observed changes.
Quasielastic backscattered Kikuchi diffraction (BKD) is a comparatively
small effect relative to the modulation of the total, elastic and inelastic,
BSE distribution.

(L). This correspondingly leads to higher (H) or lower (L) total
BSE yield (Joy et al., 1982). The spatial and angle-dependent
details of the backscattering process which was characterized
only by the total yield in by part (A) of Figure 5 are specified
in Figure 5(B). This part of the figure additionally illustrates
the corresponding qualitative changes in the angle-resolved
BSE distribution when the total yield is changing. Relative to a
reference situation (O) without diffraction effects, the angular
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BSE distribution is changed in dependence on the relative ori-
entation of the local surface plane, the incident beam and the
reflecting lattice planes in the probed region of the sample. In
accordance with panel (A), the total BSE yield is increased for
the angle of incidence (H), but the angular BSE distribution is
also tilted relative to (O). Similarly, the BSE yield is reduced and
tilted differently for the angle of incidence (L). The changes of
(H) and (L) relative to (O) are due to the influence of diffraction
effects on the scattered electron momentum distribution in-
side the sample, which correspondingly modifies the electron
distribution in direction and energy outside the sample. As
shown by the previous Figure 4(C), the quasielastic BKD is a
comparatively small effect (order of magnitude 10% or less)
relative to the modulation of the total, elastic and inelastic,
BSE distribution.

With the main message of this paper stated, the remaining
part of this paper serves to discuss some of the implications
that follow from the fundamental influence of incident beam
diffraction that was disclosed by the results in Figure 4.

Despite the fact that the change in the angular distribution
seems to be relatively minor, the effect revealed in Figure 4
is decisive for differential signal generation in imaging appli-
cations on crystalline materials. If solely an overall scaling
effect of the total backscattered intensity is assumed to result
from the incident beam diffraction (similar to what is shown
in Fig. 2), a colour change in pseudocolour imaging cannot
be easily explained, because this would scale all three colour
channels by a common factor. In this case, only the net inten-
sity would be changed but not the relative weights of different
colour channels, which is necessary to change the resulting
colour signal.

The correlation of the colour changes in pseudocolour vir-
tual FSD imaging with the observed changes in rcoy is shown
in Figure 6. In this figure, the colour signal that would be
assigned to a beam position (BX,BY) in the multi-FSD SEM
image (top panel) was also attached to the respective rcoy of
the EBSD pattern measured at that beam position. By compar-
ison of the colours in the upper and middle panel of Figure 6,
the actual movement of rcoy can be directly traced. As seen
from the detector phosphor screen, the SEM scan starts in the
lower right, proceeding to the left along the negative Xp-axis
and upwards along the positive Yp-axis of the detector as de-
fined in Figure 1 (for an analysis of the relevant geometries,
see also (Britton et al., 2016)). In terms of colours assigned
to the signal from the ROIs R/M/L while scanning, the beam
moves over the sample surface in a regular way: each SEM
scan starts near the R ROI and ends nearer to the L area.
Since this movement is continuous, this leads to a smooth
red-green-blue change from left to right. This smooth colour
change underlies the diffraction features in the pseudocolour
BSE data. We note that the SEM image shown in Figure 6 has
been rotated by 180° with respect to the image that would
usually be seen on the SEM display (e.g. the ECP in Fig. 3) in
order to conform to the symmetry of the beam movement in
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(B) Positions of the centre of mass in the EBSD patterns.
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Fig. 6. Assignment of the SEM beam scan index coordinate (BX,BY) to
the corresponding positions rcoys of the the centre of mass. The colours
are assigned based on the signals in the R/M/L regions of interest in the
EBSD patterns (R =red, M = green, L. = blue, compare Fig. 1). The image
in the lower panel was calculated after reprojection of all EBSD patterns
to a common projection centre and detected solid angle, thus removing
a large part of the variations due to the translation of the beam position
relative to the detector.

the detector coordinate system (Jackson et al., 2014; Britton
etal.,, 2016).

For the single-crystal sample observed here, the incident
beam diffraction variations in rcoy are not large enough to
overcome the smooth changes which are caused by the move-
ment of the beam from left to right (blue to red) and bottom to
top (light to dark) of the sample, as can be seen in the top panel
of Figure 6. Although the regular variation due to the beam
spot translation on the sample surface can be accounted for by
a correction procedure (see below), it is already obvious from
the uncorrected data in Figure 4 that the changes in rcoy will
be dominating in the limit of only small beam movements at
high magnifications of polycrystals. In this case, the changing
crystal orientations in the imaged area will provide differential
incident beam diffraction as compared to the direct change of
the angle of incidence as deployed in the model experiment
here. Also, at high magnification, the specific influence of the
surface plane inclination relative to the incident and the out-
going electrons is then relatively constant in the absence of
any additional topographic changes.

To remove the effect of the beam movement on the sample,
and thus a movement relative to the R/M/L ROIs, we corrected
all the measured EBSD patterns for this effect by determining
the projection centre from the EBSD patterns and gnomoni-
cally reprojecting each individual pattern to a solid angle that s
common to all measured patterns. The projection centres were
determined by a best-fit pattern matching procedure using dy-
namically simulated patterns assuming a fixed orientation of
the Sicrystal and only varying the PC coordinates. The result of
the correction procedure is seen in the lower panel of Figure 6,
where the colour changes are now much more pronounced
when applying the same ROI-based analysis as for the upper
panel. Specifically, we can see some differently coloured lines
left and right from the middle. This can be interpreted as being
due to a mirror-symmetric angular movement of a component
in the BSE distribution when the respective mirror-symmetric
incident beam diffraction conditions are met.

Returning to the implications of the changes observed in
rcom. the same underlying mechanism will also cause severe
changesin calculated ECPs extracted from the measured EBSD
patterns. The calculated ECPs derived from the angle-resolved
EBSD pattern intensity on a vFSD ROI can be directly com-
pared to conventional ECPs measured with electron detec-
tors at different collection positions (Ichinokawa et al., 1974;
Wells, 1979). As is shown in Figure 7, a calculated ECP de-
rived from the top part of the phosphor screen can show an
inverted intensity contribution compared to the correspond-
ing ECP from the lower part of the screen. This needs to be
taken into account for the data interpretation in ECP-based
diffraction methods like ECCT if the relevant electrons are de-
tected from a restricted angular range only. If the signal for
the ECP is collected from a restricted area, in principle there
can be two opposite situations where the angular maximum
of the BSE intensity is moving either into the fixed detection
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Fig. 7. Calculated ECPs derived from top versus bottom vFSD regions in the EBSD patterns.

area or it is moving out of the fixed detector area when a Bragg
reflection of the incident beam occurs. This in turn will lead to
opposite contrast changes when the incident beam traverses
a predefined diffraction situation near a Bragg angle. In this
way, the angular intensity changes in a restricted detector
area can possibly counteract the intensity changes due to to-
tal yield variation. For an up-down change of the intensity
maximum, it is obvious that opposite intensity changes could
be observed with electron detectors placed on the top com-
pared to the bottom part of a phosphor screen. These oppo-
site contrast changes, however, would correspond to exactly
the same orientation changes of the relevant crystal regions.
Care must thus be taken when interpreting ECC images from

Intensity

200

dislocations if the theory used for the image simulations does
not include the detailed channelling-in effects on the outgoing
electron distribution. If the simulation approach does not pro-
vide means for inclusion of the channelling-in effects on the
energy-and momentum distribution of the backscattered elec-
trons, suitable experimental conditions which are free of these
effects should be used for ECCI. In particular, the effects of an-
gular changes of the BSE intensity on ECCI will be minimized if
the collected BSE signal is effectively proportional to the total
integrated BSE yield. This is probably the case in the major-
ity of ECCI investigations using conventional BSE detection
optimized for highest yields. In this case, the basic interpre-
tation of the modulation of the total backscattered intensity
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by the incident beam diffraction (Joy et al., 1982) will be still
valid.

The results obtained so far can be put into perspective
by a comparison to the existing literature. It is well known
that strong contrast changes can be observed when changing
the collector position even on noncrystalline samples (Wells,
1970). Thickness effects and the influence of the primary beam
energy on the angular distribution of backscattered electrons
have also been previously found (Hohn & Niedrig, 1972;
Hohn, 1977; Niedrig, 1977, 1982; Bongeler et al., 1993;
Spranck et al., 1995). In the context of investigations on crys-
talline samples, a rather complex behaviour of diffraction con-
trast in ECPs observed under angle-resolving conditions was
demonstrated by various authors (Ichinokawa et al., 1974;
Yamamoto, 1977a, 1977b;, 1977c; Yamamoto et al., 1978;
Wells, 1979; Reimer et al., 1986; Wilkinson & Hirsch, 1997).

Taking these previous findings into account, it is possible to
rationalize the observed changes in the shape of the distribu-
tion of backscattered electrons. In a first step, diffraction via
coherent elastic scattering of the incident beam in the crystal
will lead to the excitation of Bloch waves composed of wave
vectors pointing in different directions, which are related to
the direction of diffracted beams that would be observed on the
exit side of a thin sample. This means that the incident beam
diffraction starts to redistribute electrons into directions which
are modified with respect to an amorphous sample. This ini-
tial electron redistribution will likewise affect any subsequent
inelastic scattering processes so that the overall electron trans-
port is modified by the diffraction in the beginning and during
the scattering cascade. Anomalous absorption effects can ad-
ditionally contribute to a modified depth-distribution of the
electrons scattered inside the crystal (Peng et al., 2004). A
pertinent treatment of the electron transport problem in the
presence of diffraction has been given by Dudarev et al. in
(Dudarev et al., 1995; Peng et al., 2004). As demonstrated in
(Dudarevetal., 1995), the approach used by Dudarev et al. suc-
cessfully reproduced observations of contrast inversion effects
which depend on the electron detector position (Ichinokawa
et al., 1974), and which are very similar to the results shown
in Figure 7.

In the experiments we have discussed above, the effect of
sample topography was deliberately minimized by using a pol-
ished commercial Si wafer. In the general case, however, topo-
graphic changes will also affect the angular distribution and
thus rcom of the backscattered electrons (Reimer, 1998). On
inspection of the rcoy data in Figures 4 and 6, the impact of
some topographicfeatures (e.g. due toresidual particles) on the
sample can still be clearly seen. As the present experiment was
carried out with a defocussed beam, this increases the diffrac-
tion contrast and blurs topographic features. However, the
strong influence of topographic features in the resulting pseu-
docolour data can be seen in the lower panel of Figure 6. This
is why, topography is a major effect that needs to be taken into
account when interpreting experimental SEM pseudocolour

images. Seen from a different perspective, the diffraction ef-
fects can also limit the sensitivity of methods to determine
the local surface topography via angle-resolved detection of
the backscattered electron distribution (Hejna, 1995, 2008;
Picard et al., 2008; Zaefferer & Elhami, 2014; Wright et al.,
2015; Chapman et al., 2016). If the local changes of the topo-
graphic surface plane inclination angle are in the order of the
effects due to incident beam diffraction, it can be challenging to
disentangle both effects in the angle-dependent BSE intensity
observed.

As Monte-Carlo simulations of electron scattering are in-
creasingly used for image interpretation and data analysis in
the SEM (Joy, 1995; Werner, 2001; Dapor, 2014; Walker
et al., 2016), the interrelation between topographic and ori-
entation contrast mechanisms is another example for the
need to ultimately include in Monte-Carlo simulations the
nontrivial consequences of diffraction effects as discussed
above.

Quantification of the incident beam diffraction effects

So far, we have discussed the observed incident beam effects
mainly qualitatively by referring to their symmetry. The deter-
mination of the projection centre of the measured EBSD pat-
terns as discussed above makes it possible to actually quantify
the incident beam diffraction effects on rcoy by using the EBSD
phosphor screen as a calibrated angular measurement device.
We can thus calculate, e.g. the individual directions of rcoy in
the sample coordinate system for each pattern and analyse the
angular deviation to the mean position rcoy of all patterns. To
this end, we show in Figure 8(A) the deviation angle from the
mean of the unit vector corresponding to r¢ o ; in dependence
of the measurement position for the data corrected for the elec-
tron beam movement. From Figure 8(A), we can estimate a
maximum deviation effect of about 0.5° that can be assigned
specifically to diffraction effects by reference to the clearly visi-
bleincident beam crystal geometry. We note that the deviation
angle of rcoy in our analysis is a proxy observable that is easily
and reproducibly calculated directly from the measured 2D
intensity array. Also, in a detailed, physics-based simulation
of this intensity, the observable rcoy would result in the same
way from the theoretical models. A satisfactory physical model
could thus obviously be judged by the level of the agreement of
rcom with the experimental values and with other statistically
descriptive properties of the observed data.

In addition to the absolute value of the deviation angle
shown in Figure 8(A), we can use a colour key to repre-
sent both the polar and azimuthal angular deviation from
the mean rcoy. The resulting map is shown in Figure 8(B)
with the the colour selected according to the colour key in
Figure 8(C). Again, we can recognize the symmetry of the
incident beam geometry in the complex colour changes that
now quantify the angular changes of rcoy near diffraction
conditions.
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Fig. 8. Quantification of incident beam effects on rcon.
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Figure 8(B) demonstrates how to practically apply statisti-
cal EBSD pattern properties such as rcoy as an information
channel for imaging. In particular, we can obtain quantita-
tive information on the changes in rcoy from the colour im-
age shown in Figure 8(B). This is to be contrasted with the
mainly qualitative colour information when using the ROI-
based BSE image intensities as seen, for example in Figures 1,
3 and 6. Moreover, the assignment of a quantity like rcoy to
each map makes it also possible to display different aspects
of the available information. For example, we can use a po-
lar coordinate system to plot in Figure 8(D) the individual
positions of rcoy in each pattern relative to the mean rcoy.
Similar to a common analysis tool in EBSD and general tex-
ture analysis, this could be seen as a ‘pole figure of rcon’
which shows the information integrated over the spatial de-
grees of freedom. The range of practical usefulness of this kind
of plot has yet to be tested, but one could imagine that such
plots help to visualize specific correlations in high-dimensional
data that would not be noticed otherwise. As an example,
in Figure 8(D), we can distinguish correlations due to the
symmetry of the incident beam via the characteristic, nearly
mirror-symmetric concentrations of points. We realize that in
Figure 8(D), the effects of the crystal symmetry related to the
incident beam geometry have become apparent once again,
albeit in a rather different way than as a function of the beam
scan position.

Application to imaging

The measurements on the Si single crystal as discussed above
were optimized in order to specifically single out the ef-
fects of incident beam diffraction (‘channelling-in’) on the
backscattered electron angular intensity distribution. This
was achieved by the analysis of symmetry effects in the COM
position rcoy.

As was already mentioned above, observables such as
rcom and others can also provide an additional information
source for EBSD-based imaging. In order to reveal the dif-
ferent information content of various data visualizations, we
analysed a sample of a GaN thin film containing disloca-
tions. This example is also relevant to the important topic
of contrast interpretation in SEM-based dislocation imaging
(Wilkinson & Hirsch, 1997; Picard et al., 2012; Naresh-
Kumar et al., 2012; Picard et al., 2014; Zaefferer & Elhami,
2014).

The data presented in this section were taken using a Mer-
lin (Zeiss) FE-SEM at 20 kV and an e Flash £+ EBSD detec-
tor (Bruker Nano). In Figure 9(A), we show a raw EBSP col-
lected from the GaN sample. The characteristic influence of the
collector position on the resulting images is demonstrated in
Figures 9(B) and (C) which, respectively, show maps obtained
by integrating the BSE signal from the top or bottom 10% of
the respective pattern at each map position. Clearly, the dislo-
cations are more directly visible in Figure 9(C) corresponding

to the bottom 10% signal. In comparison, the sample topogra-
phy with stepped structures is more clearly seen in Figure 9(B).
Most importantly, there are contrast inversion effects between
both images, including the regions influenced by dislocations.
These observations emphasize that one needs to make sure
that effects of the collector position are not influencing the
interpretation of dislocation images.

The straightforward ‘virtual-BSE imaging’ shown in
Figure 9 can be compared to images derived from an anal-
ysis of rcoum for each individual pattern. As an example, the
pertinent rcoy is indicated by a red dot in Figure 9(A). With
the determined rcon vectors providing a multidimensional sig-
nal, we can analyse their changes in selected spatial direc-
tions. To this end, in Figures 10(A) and (C), we show maps
that correspond to the changes in the x and y pattern co-
ordinates of rcoy relative to the mean position ¥coy. Note
that we have used a different colour scheme compared to
Figures 9(B) and (C) in order to emphasize that we are imag-
ing conceptually different quantities in both cases: BSE in-
tensity versus changes of a vector component, respectively.
We can see that the x-change ACOMy shown in the lower
panel drastically emphasizes the contrast due to dislocations,
whereas the upper panel with the y-change ACOMy is very
similar to an inverted version of the lower panel of the previous
Figure 9.

The specific choice of the information channel for EBSD
imaging can also help to check the experimental data for para-
sitic external influences. Notably, the horizontal stripes which
are seen in ACOMy in Figure 10(C) are probably due to a
periodic disturbance during the measurement. After noticing
this effect in ACOMy, we could confirm that this disturbance
is already present in the raw data, although with much lower
visibility.

Finally, the map data plotted in Figues 10(A) and (C) can
be rearranged into a 2D histogram of the absolute positions of
rcoum in the measured patterns, which is shown in the middle
panel (B) of Figure 10. This panel is using yet another differ-
ent colour scheme to emphasize that we are now displaying
the number of COM vectors that fall into a specific region of
the detector. We can see from the histogram that the dom-
inating number of patterns shows a change ACOMy that is
about halfthe variation of ACOMy in correspondence with the
colour scale bars in the upper and lower panels, respectively.
A larger topographic change in ACOMy than in ACOMy can
be expected due to the tilted sample geometry.

Summarizing our illustrative results for the GaN sample, we
can distinguish the characteristic effects of the virtual collec-
tor position on the resulting BSE images and we can empha-
size specific information such as effects caused by dislocations
by visualizing ‘unconventional’ pattern properties like rcoy.
These observations imply that under the restricted detection
conditions we have used, the contrast interpretation in SEM-
based dislocation imaging can be influenced by the detection
geometry.
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Fig. 9. Virtual-BSE map from the GaN thin film sample for intensity taken from upper (B) or lower part (C) of the raw EBSD patterns A). Topography is
emphasized in (B), whereas dislocation features are emphasized in (C).
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Conclusion

In accordance with the available literature of previous investi-
gations, our observations have demonstrated the dominating
influence of incident beam diffraction effects on the image
formation process using angle-resolving BSE detectors. Com-
plex orientation contrast features, which are visible in pseudo-
colour BSE images using multiple detectors, can be produced
by changes of (1) the total BSE yield combined with (2) angu-
lar changes in this same total BSE yield under the influence of
incident beam diffraction effects acting from the outset of the
electron scattering cascade. In comparison to the large inelas-
tic BSE signal, the backscattered Kikuchi pattern is usually
such a small contribution that it cannot dominate the total
image signal (Fig. 4).

The aim of this paper was to clearly prove the point (2): The
so-called ‘channelling-in’ (incident beam diffraction) does not
only change the total number of all backscattered electrons,
but it also changes the directions in which these electrons are
moving when they exit the sample. Near a diffraction con-
dition, an electron detector with a limited acceptance angle
can detect an increasing or decreasing number of electrons for
different detector positions relative to the backscattered elec-
tron distribution. If multiple detectors are combined, complex
colour changes can result which would not be explicable if
all signals are simply scaled by a common, angle-independent
factor proportional to the total or energy-resolved BSE yield.

We have applied the image property of the ‘centre of mass’
rcom as a proxy observable that can clearly reveal the influ-
ence of the crystal symmetry in the incident beam geometry
on the angular shape of the backscattered electron distribu-
tion. Moreover, rcoy also provides an additional information
channel for EBSD-based topographic and orientation imaging
in the SEM, which was demonstrated by the selective empha-
sis of dislocation features observed on a GaN thin film sample.
It can be assumed that, in addition to the COM, other sta-
tistically descriptive properties of the BSE distribution, such
as the standard deviation and other higher order moments,
will deliver additional, more complete quantitative informa-
tion which can be compared with physics-based simulations of
the angle- and energy-dependent backscattering cross section
from crystalline samples. In this way, the intricate intensity
distributions in real-time pseudocolour SEM images like the
one of the meteorite sample shown in Figure 1 will possibly
be understood with quantitative crystallographic and topo-
graphic detail.
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Figure S1: The centres of mass of 640 x 480 electron backscat-
ter diffraction patterns as measured for each point of an elec-
tron channelling pattern from a silicon sample. Each position
of the centre of mass is shown as a semitransparent disc.
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Overlapping of discs is caused by deviations of the centre
of mass from a regular scanning grid and these deviations
then produce the darker areas, which have the symmetry of
the incident beam geometry. The observation of this specific
symmetry allows us to identify the incident beam diffraction
(‘channelling-in’) as the cause of the diffraction-modulated
changes in the centre of mass. Please note that the figure
above directly displays the two-dimensional (Xp, Yp) posi-
tions of all the centres of mass which were measured, which
is to be compared to a one-dimensional intensity value on
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predefined grid points of an electron channelling pattern. The
reader is encouraged to zoom in on the figure to the maxi-
mum possible amount in order to see the local arrangement of
the 30 7200 data discs, which all have the same grey value,
i.e. no individual intensity is assigned to the two-dimensional
data point in this case. As is discussed in the main text, both
observables, the BSE intensity and the deviation of the cen-
tre of mass, show a similar symmetry, which must be due
to a cause that has at most this symmetry, or less (Curie’s
principle).
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