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A B S T R A C T

Signal optimization for transmission Kikuchi diffraction (TKD) measurements in the scanning electron micro-
scope is investigated by a comparison of different sample holder designs. An optimized design is presented,
which uses a metal shield to efficiently trap the electron beam after transmission through the sample. For
comparison, a second holder configuration allows a significant number of the transmitted electrons to scatter
back from the surface of the sample holder onto the diffraction camera screen. It is shown that the secondary
interaction with the sample holder leads to a significant increase in the background level, as well as to
additional noise in the final Kikuchi diffraction signal. The clean TKD signal of the optimized holder design
with reduced background scattering makes it possible to use small signal changes in the range of 2% of the
camera full dynamic range. As is shown by an analysis of the power spectrum, the signal-to-noise ratio in
the processed Kikuchi diffraction patterns is improved by an order of magnitude. As a result, the optimized
design allows an increase in pattern signal to noise ratio which may lead to increase in measurement speed
and indexing reliability.
1. Introduction

Scanning electron microscopy (SEM) offers unique possibilities for
local, high-resolution microstructural analysis, including measurements
on electron-transparent samples in transmission (STEM) [1]. For crys-
tallographic characterization of thin samples, Transmission Kikuchi
diffraction (TKD) can be used in the SEM [2,3], which achieves spatial
resolution on the order of several nanometers (values from 2 nm to
5 nm are reported by various authors) [4–6]. This is an order of
magnitude better in comparison to conventional electron backscatter
diffraction (EBSD) which is used in a reflection mode [7].

In comparison to the conventional TKD solutions [2,3], a special
measurement mode is provided by ‘‘on-axis’’ TKD [8], in which the
phosphor screen is positioned horizontally under the sample, thereby
increasing the measured intensity and minimizing gnomonic distor-
tions. The original solutions rely on the standard, lateral positioning
of the phosphor screen, which allows easy switching between EBSD
and TKD modes. To distinguish between the two TKD setups, the
conventional, lateral positioning of the detection screen will be referred
to as ‘‘off-axis’’ TKD in the following.
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Typical applications for the analysis of nanostructured, highly de-
formed, geological or corroded materials are discussed in [6]. Investi-
gations of the influence of sample inclination angle, working distance
(WD), sample thickness and electron acceleration voltage on the spatial
resolution and quality of the measured TKD patterns show, for example,
that higher acceleration voltages are advantageous for larger sample
thicknesses [9–11]. Typical for the "off-axis" detector setup is the inten-
sity gradient in the raw pattern, which, however, can be counteracted
by varying the tilt angle of the sample between 0◦ to −40◦ [9].

Due to the low beam spread in electron-transparent samples, the
highest spatial resolution is achieved with particularly thin samples in
the order of a few tens of nanometers [9–13]. Thinner samples, how-
ever, also provide a lower total scattering signal, which significantly
reduces the number of available electrons at large scattering angles,
which are the dominating signal for ‘‘off-axis’’ TKD. For this reason,
when measuring thin samples, it is particularly important to maximize
the ratio between the useful diffraction signal and any additional back-
ground or noise. As has been discussed in [14], the mass-thickness will
be a relevant parameter to compare TKD measurements done on differ-
ent materials, where the optimum thickness depends on the material’s
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Fig. 1. Typical electron trajectories in TKD geometry, (1) electrons scattered from
sample (useful signal), 2 and 2′ different routes of holder backscattered electrons, (3)
electrons backscattered from the holder but not registered in EBSD detector.

density. As has also been shown for measurements on small particles in
a backscatter geometry [15,16], the removal of background intensity
has a crucial effect on the quality of the final Kikuchi diffraction
pattern.

Previous TKD measurements on various metallic materials have
shown that the design of the sample holder can play a key role for a
reduction of background scattering [17–20]. Although descriptions of
very different TKD specimen holders can be found in the literature [21–
25], to our knowledge the specific influence of the holder design on the
Kikuchi pattern quality has not been discussed in detail so far. In the
current paper, we present a holder design which uses a metal shield
to intercept transmitted electrons which are potentially re-scattered
from the sample holder to the EBSD detector. We perform a detailed
quantitative analysis of the signal-to-noise ratio in TKD patterns using
their Fourier power spectrum and compare the results with those from
a non-optimized holder. Using an analytical model for the background
intensity and its noise, we show that after typical background removal
by high-pass filtering of the raw image data, any high-frequency noise
carried by the background necessarily will necessarily degrade the
Kikuchi diffraction signal. In contrast, the improved holder design
presented here acts as a blocking filter that removes electrons from
the re-scattered background signal, which reduces the noise in the low-
intensity Kikuchi diffraction signal and thus emphasizes the measured
crystallographic information. As a result, the data acquisition speed can
be increased, reducing negative effects such as sample contamination
and drift.

2. Experimental and methods

Fig. 1 shows the three most typical electron trajectories for an ‘‘off-
axis’’ TKD setup. Trajectory 1 describes the electrons which originate
directly from the electron-transparent sample and represent the actu-
ally desired ‘‘useful signal’’. Trajectories 2 and 2′ represent all electrons
which are backscattered one or multiple times from the holder or other
surfaces in the SEM chamber and fall onto the screen. These electrons
also contribute to the total signal registered by the camera. Since this
signal comes mainly from the holder, it will be referred to as the
‘‘holder signal’’. Trajectory 3 represents all the electrons that do not
fall on the fluorescent screen and can therefore be ignored here.

Diffraction patterns with a resolution of 480 × 480 pixels and color
bit depth of 12-bits were collected with a Hikari (EDAX) EBSD detector.
The detector was tilted by 5 degrees relatively to the optical direction
of the beam. The field-emission scanning electron microscope (SEM)
Versa 3D (FEI) was operated with an acceleration voltage of 30 kV
2

Fig. 2. Experimental TKD geometries: (a) Shield cuts off unwanted transmitted elec-
trons, (b) Steel plate converts transmitted electrons into unwanted background. (1)
Usable electron signal, (2) Background signal.

Fig. 3. Photos of the TKD measurement holder (pretilted by −60◦) with installed
additional shield: (a) general view, (b) setting in the measurement configuration of
the microscope chamber (stage tilted by 40◦ to −20◦).

and a beam current of ≈16nA. All raw TKD patterns were stored for
subsequent analysis.

Annealed AISI 316L steel (approx. chemical composition Fe-18Cr-
10Ni-3Mo in wt.%) which was twin-jet electropolished using TenuPol-5
and A2 electrolyte (Struers) at 10 ◦C and 25 V, was investigated.
The thickness of the sample used for the analysis was measured on a
cross-section created by Focused Ion Beam milling with the Ga+ ions
using Quanta 200i DualBeam apparatus (FEI). To measure specimen
thickness, a thin foil surface was positioned perpendicularly to the ion
beam, and the rectangular area of 30 × 5 μm was milled out. The longer
edge of the area was set in the center of the TKD scan. In the next step
thin foil was tilted 70◦ and images of the freshly revealed thin foil cross-
section were acquired. Thickness measurement along foil cross-section
was performed using ImageJ software, and results were corrected to
compensate for the foil inclination.

Two experimental setups (see Fig. 2) were used to investigate the
influence of the holder design on the signal of backscattered electrons
for a common TKD geometry. An example of holder equipped with a
shield used in the experiments is presented in Fig. 3.

The scenario outlined in Fig. 2(a) assumes that only electrons di-
rectly scattered from the sample are registered in the EBSD detector,
while the scenario in Fig. 2(b) assumes that most of the electrons
transmitted through the sample are backscattered by the flat holder
tilted by 70◦ (i.e. at the typical EBSD sample angle) and reach the
EBSD detector. The holder configurations shown in Fig. 2(a) and (b) are
referred to as shield and shield-less configurations. A similar approach to
the shield-less configuration has been used in the past for transmitted
secondary electron conversion for STEM imaging in the SEM [26,27].
This plate can also be called a ‘‘transmission - backscatter conversion’’
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plate and can potentially be used for STEM imaging using the EBSD
detector or using the FSD diodes mostly attached to the EBSD detector
(as in [28]).

Three areas of the electron-transparent samples were measured.
Thin (<50 nm) and thick foil (≈300 nm) areas were selected to il-
ustrate the trade-off between signal intensity and spatial resolution:
he highest spatial resolution is expected in the thin area, while the
ighest signal, however, is expected in moderately thick sample areas
thick enough to scatter electrons efficiently). The background elec-
rons, which only come from the holder, were measured by directing
he electron beam through the electropolished hole in the sample. This
ignal was taken as a reference for the limit of infinitesimally thin
amples.

.1. Kikuchi pattern power spectrum

The use of the Fourier transform allows us to analyze images in
he frequency domain. The magnitude of the complex-valued Fourier
pectrum is the power spectrum, which shows the relative weight
f different spatial frequencies in an image [29]. Numerically, the
ower spectrum can be efficiently calculated by using the Fast Fourier
ransform (FFT) [30].

In the context of EBSD, image quality measures based on the power
pectrum of Kikuchi patterns have been proposed by Wilkinson [31]
nd Krieger Lassen [32,33]. FFT-based quality measures have the ad-
antage that they are directly based on the image pixel intensities,
.e. independent of any detection of Kikuchi bands using the Radon
ransform and manufacturer specific definitions of ‘‘band slope’’, ‘‘band
ontrast’’, or ‘‘image quality’’, among others. Further examples for ap-
lication of the FFT in EBSD include the feature extraction from Kikuchi
atterns in the context of the Kikuchi bandlet method [34], image
uality mapping in the context of a dictionary indexing approach [35],
nd the imaging of local deformations in materials [36].

In the following, all image processing by the FFT was carried
ut using the respective Python routines available in SciPy [37].
or the analysis of the raw EBSD patterns, we have applied the
mage processing procedure as described in [38] to obtain the Kikuchi
iffraction signal. The procedure includes removal of detector effects
ia division by a background pattern coming from the holder. The
older background was obtained from a summation of diffraction-
ree images which were measured with the electron beam transmit-
ed through the preparation hole in the sample. A dynamic correc-
ion of remaining low spatial frequencies (i.e. feature wavelengths
arger than the observed Kikuchi band widths) are first removed
y a local Gaussian kernel based FFT filter, with a spatial standard
eviation of 5% of image width, as implemented e.g. by the SciPy
unction scipy.ndimage.filters.gaussian_filter. An ad-
itional global filtering was carried out by a 2D Gaussian high-pass
ilter on the power spectrum, with a full-width at half maximum
FWHM) of 0.004 cycles/pixel measured from the zero frequency
osition (i.e. the FWHM corresponds to 2 pixels near the center of the
D FFT power spectrum). The aim of these filtering procedures is to
iscriminate the actual diffraction signal from any other intensity varia-
ion which are unrelated to the relevant Kikuchi diffraction effects [38]
n order to reduce FFT artifacts which can result from the circular shape
f the EBSD phosphor screen and the corresponding sharp circular edge
n the image, we applied a Hanning window [30]. Finally, the high-pass
iltered, windowed, pattern was normalized to a mean of 0.0 and a
tandard deviation of 1.0, which results in an average power of 1.0
er pixel in the FFT power spectrum, i.e. the squared values of all
he pixels add up to the total number of pixels in the image after this
3

ormalization.
3. Results and discussion

3.1. Intensity on the EBSD detector

As mentioned above, the sample thickness is of crucial importance
in TKD. A low interaction volume improves the spatial resolution, but
has a negative effect on the intensity of the signal. In the ‘‘off-axis’’
TKD mode, the detector placed more to the side of the sample mainly
detects the electrons scattered at a high angle, which greatly limits the
intensity of the recordable signal.

Monte Carlo simulations performed with the software CASINO v3.3
show for a 50 nm thick stainless steel sample that 90% of the transmit-
ted electrons are contained in a cone-shaped spatial segment with an
aperture angle of only 12◦, while only 1% are deflected into the sector
covered by the EBSD screen. A significant portion of the transmitted
electrons barely change direction and are found near the extended
direction of the primary beam. This is one of the main reasons for
the reduced performance of an ‘‘off-axis’’ TKD system. However, if
the transmitted beam below the sample meets an improperly designed
holder with its free surfaces facing the detector, this can lead to
additional electrons scattering towards the screen, thereby creating an
unwanted background.

To prepare the TKD sample, a metal foil was carefully thinned
until hole formed centrally. With increasing distance to the hole, this
results in a monotonic increase of thickness from 0 nm to 300 nm.
Obtained thickness profile is presented in the top section of Fig. 3. To
demonstrate the influence of the sample holder material on the inten-
sity of the interfering background signal, both aluminum and stainless
steel materials were used for the reflection plate. The resulting raw
patterns are shown in Fig. 4. All raw images were taken under identical
conditions, with the brightest diffraction image showing about 90%
of the camera’s saturation limit at maximum. For better comparison,
the raw, unprocessed signal (left half) is overlaid with the background-
corrected image (right half). The superimposed numbers describe the
average pattern intensity in each case, where 0 would stand for no
intensity and 1 would result in a completely saturated image.

The backscattered electron signal generated without any sample
material (in the hole) is given in the left column (Fig. 4(a)) and
shows in the top row the shielded case, as well as the results of two
different plate materials in the middle (Al) and bottom row (stainless
steel). As expected, the lowest average intensity of 0.005 is observed
for the shielded case, where practically all electrons passing through
the hole (or in the normal case through the sample) are blocked by
the shield. If, on the other hand, the electrons are not blocked, the
background adding to the sample diffraction pattern increases in accord
with the increasing mean atomic number of the holder material, and
the intensity maximum moves upwards in the image.

Usually, the angular distribution of electrons scattered in a thin foil
is expected to show an intensity maximum at the bottom of the TKD
patterns [4]. However, the shielded case (Fig. 4(b)) shows that the
opposite is true for thin samples. A reversed intensity distribution with
the intensity maximum in the upper region of the diffraction pattern is
obviously caused by the electrons backscattered multiple times by the
holder.

The intensity changes of the diffraction patterns for small sample
thicknesses in Fig. 4(b) behave in principle similarly to the distributions
in Fig. 4(a). The average intensity with shielding is still very low
(0.008) and not visible to the eye (left half of the pattern). After
brightness adjustment, however, the Kikuchi bands are clearly visible
(right half of pattern). Patterns registered without shielding do show a
clear increase in intensity. However, the diffraction signal is so small
in relation to the intensity backscattered by the reflection plate that
it becomes practically invisible. With increasing thickness of the foil,
on the other hand, the proportion of the diffraction signal becomes
larger (Fig. 4(c)), which on the one hand proves the clear increase

in intensity and the lower noise for the shielded case, and on the
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Fig. 4. Experimental raw TKD signals, shown on a common same gray scale range.
Column (a), (b) and (c) shows patterns from the hole, thin (50 nm) and thick (300 nm)
regions respectively. Rows upper, middle and lower are representing different holders
setups with shield and two aluminum and stainless-steel (SS) reflector plate respectively.
In each image, the left part is the raw signal while for the right part image histogram
stretching was applied. Numbers are representing average signal intensity of images.

other hand also explains the slightly amplified diffraction signal for the
shield-less cases.

High-resolution measurements should actually be carried out on the
thinnest available sample areas. However, due to the low interaction
volume, the corresponding signal is then very low, so that the camera
operates at the lower limit of its signal level. Extending the dwell time
to compensate for the increased noise at low signal levels generally is
not recommended, however, because of the negative effect on system
stability due to beam and stage drift, and the risk of increasing carbon
contamination. The shielding of all electrons not emitted by the actual
interaction volume is therefore very important.

But how small can the diffraction signal be in order to correctly
interpret a pattern in an ‘‘off-axis’’ TKD setup? To this end, Fig. 5 shows
histograms derived from patterns recorded in the hole and in a region of
the thin film. Both cases are compared with the camera noise registered
when the electron beam was switched off. The histogram calculated
from the blank camera image, which represents the electronic noise,
has the maximum of the distribution at 0.0027 and practically ends at
0.006. The intensity of the shielded pattern, which is shown as inset
together with its Hough transform in Fig. 5, is approximately three
times more intense and delivers a histogram which practically starts at
0.011 with a maximum value at 0.02. The peaks in the Hough transform
are clearly defined, proving that band detection can be effectively
performed with only 2% of the camera maximum dynamic range.

An interesting case is given when the beam does not hit the sample
at all (hole) and the signal from the reflecting plate is blocked by the
shield. In comparison to the camera noise histogram, the resulting dis-
tribution is shifted towards higher values of even 0.005. This indicates
that not all electron were blocked by the shield. It also proves the
exceptional sensitivity of low intensity imaging of the camera used in
4

Fig. 5. Raw image histograms registered for the camera in the hole and thin foil region.
As a reference, the blank signal acquired with the beam off is also presented.

the detector. Moreover, this indicates that even small variations in the
detector design can influence the usable signal considerably, although
it is invisible by the naked eye.

Even with additional backscattering, the non-shielded patterns can
often result in indexable data after a suitable background correction.
However, any signal contribution which is not exclusively coming from
the interaction volume, has at least two negative effects: a lower acqui-
sition speeds due to risk of the camera over-saturation, and a much
lower signal-to-noise ratio. Especially the second factor is important
since noise coming from the background signal of the holder cannot
be discriminated from the noise of the original diffraction signal.

3.2. Analysis of the signal-to-noise ratio

In this section we will analyze how the signal-to-noise ratio (SNR)
of the measured TKD patterns changes when they are measured for
different background conditions. The Fourier transformation of the
observed diffraction patterns is used to characterize the SNR for an
experimental setup with the beam shield in operation in comparison to
a situation with additional, detrimental, rescattering of the transmitted
beam towards the EBSD detector.

In Fig. 6, we compare the results of the Kikuchi pattern image
processing for measurements from a 50 nm thin region of an austenite
sample. The pattern in the right column of Fig. 6 was measured in the
shield-less configuration, the pattern in the left column was measured
at the same sample position, but with the shield set properly in oper-
ation instead. As can be seen on power spectra, the processed Kikuchi
diffraction pattern which was obtained in the presence of additional
rescattering shows higher noise compared to the pattern taken with the
shield configuration.

When the transmitted beam is properly dumped into the sample
holder, the total intensity of the raw EBSD pattern measured was
only about 15% of the intensity when the additional rescattering was
introduced by the aluminum reflection plate below the sample. (the
position of the beam was in column 190 in the maps shown in Fig. 7).
However, the noise in the resulting, processed Kikuchi pattern is sig-
nificantly lower when it is measured with the shield to minimize any
additional rescattering. Thus, the rescattered intensity is detrimental
to the diffraction-signal-to-noise ratio in the final Kikuchi pattern,
because, as we will discuss below, the rescattered intensity contributes
to additional noise counts, while it does not contain any Kikuchi
diffraction signal at the same time.

As can be seen in the 2D power spectra in Fig. 6(c) and (d), the
outer regions corresponding to the highest frequencies show the pres-
ence of white noise (frequency independent), while the high intensity
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Fig. 6. Processed Kikuchi patterns of austenite (a, b, top row), 2D FFT power spectra
(c, d, middle row), and the radial power spectrum intensity shown in dependence on
the spatial length scale (e, f, bottom row). The left column shows the results for shield
configuration, the right column shows the result including additional rescattering from
an aluminum plate below the sample. The sample thickness for both measurements
was about 50 nm.

central part correspond to the spatial frequencies of the Kikuchi pattern
features.

In order to characterize the relative contribution of the different
spatial frequencies in a Kikuchi pattern irrespective of the direction of
the wave vector, we calculated the azimuthal average of the 2D power
spectra [32,39], which we show as a function of the spatial scale of
features (i.e. corresponding to the wavelength of periodic features).
These radial power spectra are shown in Fig. 6(e) and (f), where
dominating part of intensity is in the spatial wavelengths of a few tens
of pixels which correspond to dimension of the Kikuchi bands. The
white noise can be identified by the nearly horizontal part of the radial
power distribution shown for smallest spatial length scales in Fig. 6(e)
and (f). For the pattern measured with an adequate shielding, this noise
level is at 3.5 × 10−7, while the rescattered intensity increases the noise
level to about 1.5 × 10−6, i.e. by more than a factor of 4.

3.2.1. Role of the background intensity in reducing the signal-to-noise ratio
As we have seen in Fig. 6, the processed Kikuchi patterns show a

substantial improvement in the signal-to-noise ratio if the diffraction-
less background signal is removed prior to detection. The reduction
of noise occurs despite the fact that the raw EBSD pattern shows
a significantly lower total signal when the beam is shielded. This
observation indicates that, even though the background signal is not
contributing to any Kikuchi features, it still contributes to the noise in
the processed Kikuchi pattern.

A basic analytic treatment can be developed by considering the
various contributions to signal and noise which originate from the
Kikuchi diffraction signal on the one hand and from a background
5

signal on the other hand. In relation to the Kikuchi signal, we assume
that the background signal is characterized as showing only smooth
variations on the scale of the Kikuchi diffraction features.

Quantitatively, the observed total electron counts 𝑇 at a point on the
phosphor screen can be divided into the background part 𝐵 (being the
sum of the holder background and the specimen signal background),
which changes only slowly with pixel position on the screen (and which
thus can be filtered out by image processing techniques), and a Kikuchi
diffraction part 𝐾, which contributes to the actual Kikuchi diffraction
features:

𝑇 = 𝐵 +𝐾 (1)

If the mean total signal in a pixel corresponds to a number of
𝑇 electrons, then the number of noise counts 𝑁𝑇 is defined via the
standard deviation of 𝑇 , which is

√

𝑇 for counts distributed according
to the Poisson distribution [40]:

𝑁𝑇 =
√

𝑇 (2)

The ratio of the noise counts relative to the total signal is given by:

𝑁𝑇
𝑇

=

√

𝑇
𝑇

= 1
√

𝑇
(3)

In order to obtain the actual Kikuchi signal, the image processing
removes only the mean background signal from the total counts. This
is possible because of the smooth spatial variations of the background.
The pixel-wise noise of the background signal, however, cannot be
discriminated from the pixel-wise noise of the Kikuchi signal and
thus cannot be filtered by image post-processing. The influence of the
background signal on the Kikuchi signal-to-noise ratio is thus due to
the background noise counts 𝑁𝐵 =

√

𝐵.
As a result, the noise counts 𝑁𝑇 due to the counts of the total signal

will appear in the Kikuchi diffraction signal after image processing, not
only the respective noise counts

√

𝐾 specific to the Kikuchi counts 𝐾:

𝑁𝐾 = 𝑁𝑇 =
√

𝐾 + 𝐵 =
√

𝐾(1 + 𝑏) (4)

where 𝑏 is the relative number of background counts with respect to the
number of Kikuchi counts as 𝐵 = 𝑏 ⋅𝐾. This is why, with an increasing
number of background counts, also the relative noise of the processed
Kikuchi pattern increases:

𝑁𝐾
𝐾

=

√

𝐾(1 + 𝑏)
𝐾

=

√

(1 + 𝑏)
√

𝐾
(5)

The background increases the effective noise counts 𝑁𝐾 after image
processing without affecting the useful Kikuchi counts 𝐾.

From this equation, we can estimate that for a relative background
signal in the order of 𝑏 = 3…8…13, the processed Kikuchi pattern
noise increases by factors of

√

(1 + 𝑏) = 2…3…4 relative to the Poisson
limit of 1∕

√

𝐾. These estimated increases in noise are consistent with the
observed increase by a factor of more than 4 in the power of the high-
frequency spatial variations in the power spectrum, as was discussed in
the previous section for the power spectra of Fig. 6.

3.2.2. Relative signal-to-noise ratio in maps
In order to discuss a consistent signal-to-noise ratio for different

Kikuchi patterns in a map, we define the signal as the portion of the
power in the central region ranging up to wave numbers of 𝑘 = 0.3
cycles per pixel and we consider the power in the remaining higher
frequencies as the power of the noise, see Fig. 6.

In Fig. 7, we show the total intensity and the signal-to-noise ratio for
a TKD map of an austenite sample, measured approximately in a stripe
perpendicular to a hole, which is seen on the right edge of the map. The
map shows increasing thicknesses from right to left, with the maximum
thickness slightly below 300 nm at the left edge. As can be seen from
the maps of the total intensities, the map for the aluminum rescattering
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Fig. 7. Relative change of the signal-to-noise ratio (SNR) in the Kikuchi diffraction
patterns with additional, detrimental, rescattering, compared to measurements with an
adequate shielding. (a) total intensity in the raw TKD patterns with rescattering from
aluminum, (b) SNR with rescattering (c) sample thickness as a function of the beam
position (d) total intensity in the raw TKD patterns with the shield, (e) SNR with
the shield. The SNR is calculated from the power spectrum of the Kikuchi diffraction
patterns as explained in the text. The maximum SNR in the thin sample region shows
values near 26 with the shield installed, which is reduced to values near 10 due to the
rescattered electrons. The step size in the map is 0.1 μm.

plate in Fig. 7(a) shows an overall higher background intensity as
compared to the blocked beam in Fig. 7(d).

The thickness-dependent signal-to-noise ratios as defined by the
relative parts of intensity inside and outside of 𝑘 = 0.3 in the power
spectrum are shown in Fig. 7(b) and (e). The optimum signal-to-
noise ratio is observed for the low thicknesses in Fig. 7(e), where the
additional background due to multiple inelastic scattering in the sample
is still low. This observation is consistent with thickness-dependent
studies of ‘‘on-axis’’ TKD [10]. For sample thicknesses larger than
presented here, a decrease of the total intensity is expected due to
inelastic scattering processes.

In a study of the depth resolution of TKD [41], Liu et al. estimated
that the diffraction signal originate form the bottom layer of the foil,
with depth corresponding to the mean free path of thermal diffuse
scattering events. At the same time, the ideal sample thickness for TKD
analysis should be in the order of about 20 times the elastic scattering
mean free path for samples of high crystal symmetry. Approximating
the situation in austenite, we consider the value of 7.8 nm for the
elastic mean free path in Cu at 30 kV [42], which is near to Fe in
the periodic table. The corresponding ideal thicknesses would then be
⪅200nm for our measurements of Fe samples. This estimation agrees
with the measured thicknesses of our sample, which we show by the
curve in Fig. 7(c).

The measurements with rescattered intensity from the transmitted
beam show a decreased signal-to-noise ratio in Fig. 7(b). This ob-
servation indicates that the sample holder with an efficient shield is
improving the signal-to-noise ratio relative to measurements with a
less efficient prevention of the rescattering of the transmitted beam.
For the largest thicknesses, the SNR of both measurements begins to be
similar, which we assign to the multiple elastic and inelastic scattering
processes which contribute to an increased background intensity but
not to the diffraction signal [38,43,44]

As we have shown, the additional noise in the processed Kikuchi
patterns is due to a background which does not contribute a diffraction
6

signal. The Kikuchi pattern image post-processing can only remove
the mean slowly-varying background intensity but not the pixel-wise
background noise. In effect, any additional background counts make
it necessary to measure more total counts in order to obtain the same
relative noise with respect to the final, image-processed, Kikuchi signal.
This is why it is very effective to block those specific electrons which
only contribute to the background, before they can deteriorate the
signal-to-noise ratio in the detection process. For the same incident
beam current, this would allow less exposure times, or the detection
of weaker diffraction features. In addition to the physical blocking of
the transmitted beam, as demonstrated here, a background removal
would be also possible by energy-filtering of Kikuchi patterns [45].
Energy filtering would have the advantage to additionally remove the
specific background contribution which is created by multiple inelastic
scattering in the sample itself and which thus cannot be removed by the
beam dump. Such background filtering would be especially relevant to
conventional EBSD in a reflection geometry, but also for the thicker
regions of the TKD sample shown in Fig. 7, away from the observed
maximum of the signal-to-noise ratio.

4. Summary and conclusions

The signal-to-noise ratio in ‘‘off-axis’’ TKD measurements strongly
depends on the number of electrons which are scattered back from
other parts than the sample, notably from the sample holder. In the
present work, we used two extreme configurations for illustration of
the influence of re-scattering effects: a holder with a shield cutting off
all electrons which are backscattered from other parts than the sample,
and a holder with reflecting plate which directed a significant part of
the transmitted electrons towards the EBSD detector screen.

The extreme forward-directed anisotropy of the differential electron
scattering cross section within an electron transparent sample results
in low numbers of detected electrons at the relatively large scattering
angles corresponding to directions on the EBSD phosphor screen. The
majority of electrons pass through the sample nearly unaffected in the
forward direction, and can subsequently hit the sample holder or other
surfaces in the SEM chamber, potentially scattering back towards the
detector screen. While this superimposed signal increases the intensity
of the raw TKD signal, the quality of the actual diffraction information
is significantly deteriorated by the collateral noise introduced by the
re-scattered electrons.

The experiments discussed above showed that an optimal measure-
ment setup can be achieved if the secondary, re-scattered signal is
blocked by a suitable shield. This shielding is especially efficient for
low-intensity diffraction of electrons, in particular for very thin samples
and/or for low atomic number materials such as Al and Mg with small
atomic scattering cross sections. Quantitatively, it was shown that the
power spectra of the processed Kikuchi patterns showed up to 5-fold
lower noise for the shielded design.

The shielding of the secondary scattering has clear advantages when
using high beam currents, as the risk of oversaturation of the EBSD
detector is noticeably lower.

When scanning materials with medium atomic numbers (Cu, Fe, Ni),
measurement speeds comparable to those of standard EBSD could be
achieved with shielding (100 to 200 patterns per second for a Hikari
detector and pattern sizes of 120 × 120 pixels). For lower atomic
number materials (e.g. Mg or Al), the speed drops, however, to about
half due to the smaller intensity of large angle scattering of electrons.

In summary, the increased acquisition speed could be used em-
ploying the shielded holder design leading to possibly significant re-
duction of drift problems and carbon contamination compared to the
unshielded design.
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