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Precession electron diffraction has in the past few decades become a powerful technique for structure solving,

29 strain analysis, and orientation mapping, to name a few. One of the benefits of precessing the electron beam,
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is increased reciprocal space resolution, albeit at a loss of spatial resolution due to an effect referred to as
‘probe wandering’. Here, a new methodology of precession path segmentation is presented to counteract this
effect and increase the resolution in reconstructed virtual images from scanning precession electron diffraction
data. By utilizing fast pixelated electron detector technology, multiple frames are recorded for each azimuthal
rotation of the beam, allowing for the probe wandering to be corrected in post-acquisition processing. Not

only is there an apparent increase in the resolution of the reconstructed images, but probe wandering due to
instrument misalignment is reduced, potentially easing an already difficult alignment procedure.

1. Introduction

Ever since the concept of precession electron diffraction (PED)
was introduced by Vincent and Midgley almost 30 years ago [1], the
technique has seen an increase in popularity owing to the benefits of
electron beam precession. Today it is an invaluable tool for structure
determination [2-4], strain measurements [5], and phase- and orienta-
tion mapping [6,7]. Precessing the beam equates to the Ewald sphere
sampling a volume of reciprocal space [8], exciting more reflections
than conventional electron diffraction. At the same time, the individual
reflection intensities appear kinematic-like [9,10], with a monotonic
intensity increase over a large thickness range with little variation
between equally excited reflections [11].

Although precession leads to an increased angular resolution in
reciprocal space [12], experimental limitations mean that the spatial
resolution suffers increasingly with higher precession angles; this is
apparent in virtual bright field (VBF) reconstructions from scanning
PED (SPED) data performed by Barnard et al. (2017) [13]. Due to the
off-axis tilt of the beam, the probe is traversing the aberration surface in
a circular pattern during precession, being displaced from the optical
axis by a shift equal to the local gradient of the aberration function
at each point on the precession azimuth [8]. These shifts will lead to
an increased time averaged and effective probe size. The probe shifts,
often referred to as ’probe wandering’ due to the periodic nature of
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the motion, are dominated by the unavoidable spherical aberration of
the probe forming lens even under perfect alignment conditions [14].
However, PED alignment is known to be difficult and a lot of research
has gone into optimizing the procedure [5,8,12,13]. In a well aligned
PED setup, the beam crossover and precession pivot point are both
perfectly coincident on the sample surface [13]. A deviation of either
would induce the same probe wandering as mentioned earlier, likely
with a greater contribution than from spherical aberration. Although
probe wandering is inherent to PED, the motion is periodic and, as will
be shown, has the potential to be corrected.

A useful application of SPED data is virtual imaging [15]. By inte-
grating the intensity within a virtual aperture placed in the detector
plane of the 4D dataset, an intensity map as a function of probe
position can be constructed [16]. The virtual aperture can be placed
to create virtual images corresponding to bright field-, dark-field-,
annular dark-field images and more, making it a very versatile tool.
The application of precession means the virtual image is a 2D map
of the integrated rocking curve of the chosen reflection [1]. Since
this integration shows less dynamical effects, especially in terms of
bending and thickness variations [17], the virtual image becomes more
easily interpretable in terms of diffraction conditions. In this work we
present the methodology of precession path segmentation to counteract
probe wandering, reducing precession-induced blur which leads to a
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Fig. 1. A comparison between a regular SPED scan, and a precession path segmented SPED scan with n = 8 segments. Example of diffraction patterns with de-rocking switched
off for (a) the regular SPED scan, and (b)-(d) three precession path segments. VBF images of a (e) regular SPED scan, and (f)-(h) three segments. Insets show diffraction patterns
for 4 x 4 selected scan points in the VBF images. VBF intensity difference plots between each of the presented segment VBF images in (f)-(h) compared to the regular SPED VBF
in (e) are shown in (i)-(k). The diffraction patterns in (a)-(d) are from a different precession path segmentation scan than the VBF images and difference plots in (e)-(k).

loss of spatial resolution in virtual images reconstructed from SPED
scans [13]. The basis of this methodology lies in fast pixelated detector
technology, as the goal is to record several frames in quick succession
for each azimuthal rotation of the beam. Results are presented from two
applications of the methodology, one on a regular, well-aligned SPED
scan, and one where a precession misalignment has been introduced to
demonstrate the capabilities of the technique.

2. Experimental methods

To perform precession path segmentation, the first step is to align
the instrument for SPED acquisition. These experiments were car-
ried out on a JEOL JEM-2100F operating at 200kV, equipped with
a NanoMEGAS DigiSTAR precession scan generator and a Quantum
Detectors single chip MerlinEM direct electron detector. The SPED
alignment was done by following the double-rocking alignment out-
lined by Barnard et al. (2017) [13], applied on a nanobeam diffraction
Inm probe with a 1.2mrad convergence semi-angle. The precession
angle was set to 1.0°, or approximately 17.5mrad, and the precession
frequency to 100 Hz. The selected precession angle is expected to bring
the beam out of the aberration free area for such a non-corrected
instrument.

After the alignment, scans were set up to record precession path
segmentation datasets with n = 8 segments, meaning that the detector
had to record 8 frames at each scan position. With the selected pre-
cession frequency, the dwell time was set to 10 ms to allow the beam
one full rotation around the optical axis, and the scanner frame points
were set to 256 x 256. Consequently, the detector capture time was
set to 10/8 ms = 1.25ms, and frame captures to 2048 x 256. In other
words, the capture time was 1/n of the dwell time, and the number
of frames per scan line recorded was multiplied by n. To allow this
increased amount of data to be recorded by the detector, the scanner

flyback parameter had to be increased by a significant amount. The
resulting dataset ends up being n times larger than a regular SPED
scan, and typically 2-3 times slower in recording, however during
the flyback time the beam is off away to the side and adds minimal
beam-damage to the region of interest. The number of segments was
chosen so that diffraction patterns in each segment contained sufficient
intensity for VBF reconstruction. To increase the amount of segments
while maintaining adequate intensity levels in diffraction patterns, the
precession frequency could be reduced.

Two SPED scans were recorded with our proposed precession path
segmentation employed. One scan had a scan step size of 5.6 nm and was
performed with a proper precession alignment, while the other had a
scan step size of 10.2nm and an intentional precession pivot point mis-
alignment. The intentional misalignment was performed by adjusting X
and Y scan coil amplitudes equally by 0.1% to offset the proper align-
ment. These intentionally lightly misaligned datasets serve as extreme
tests of what might be a reasonable worst-case scenario with an expe-
rienced operator. The large 4D-STEM datasets were processed with the
open-source Python libraries HyperSpy [18] and pyxem [19]. Initially,
the 2048 x 256 dataset is sliced into 8 pieces, each of 256 x 256 scan
dimensions. From these slices, VBF reconstructions are created. Since
probe wandering is equal at every scan point within a given precession
angle, the features in the synthesized VBF images move relative to
each other in a circular motion. This movement is corrected for by
inserting the images as a stack into the SmartAlign plugin for Gatan
Microscopy Suite, and performing rigid correction [20] between the
VBF images. Rigid correction works to offset the translation between
the images in the stack by correlation functions calculated in Fourier
space. The scans were correlated with the phase correlation function on
selected region of interests that include visibly traceable feature edges
surrounded by amorphous regions. Before rigid correction is performed,
SmartAlign upscales the inserted images by a factor of two, which is
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Fig. 2. VBF images from a precession path segmented SPED scan where an intentional
pivot point misalignment has been introduced, showing the sums (a) before and (b)
after rigid correction. (c) Line profiles from the same region in both scans are included.

possible due to the fact that the scan step sizes are much larger than
the probe size. As a final step, the corrected images are summed to get
a single 256 x 256 VBF image output, and compared to a non-corrected
VBF image sum. The non-corrected VBF image sum is equivalent to
a conventional, non-segmented SPED scan VBF reconstruction (see
Supplementary Material).

Fig. 1 illustrates the concept of precession path segmentation with
n = 8 segments. In conventional PED or SPED, the detector integrates
the intensity in the diffraction plane for an integer number of beam
rotations around the optical axis. Fig. 1(a) illustrates the precession
path in a diffraction pattern with de-rocking switched off, which is a
projection of the hollow-cone SPED beam illumination. By capturing
an integer number of frames per rotation of the beam around the
optical axis, the integration regions become smaller. Three of in total
eight intensity integration regions can be seen in the non-de-rocked
diffraction patterns in Fig. 1(b)-(d).

The methodology was tested on a focused ion beam (FIB) cross-
section lift-out of the integrated circuitry of a central processing unit
(CPU) chip. VBF images were reconstructed from the regular SPED
scan in Fig. 1(e), and from three segments of the precession path seg-
mentation dataset in Fig. 1(f)-(h). Inset axes show average diffraction
patterns extracted from 4 x 4 pixel positions, due to limited individual
diffraction pattern intensities. Difference in intensity plots have been
created comparing the different VBF segments to the conventional
SPED VBEF, as seen in Fig. 1(i)—(k). The scans were of large crystalline
feature surrounded by amorphous areas and a polycrystalline FIB de-
posited Pt layer. Notice that, in the difference plots, the largest changes
in intensity between individual segment VBF and regular SPED VBF
are happening in the crystalline region. In a segment of the precession
path, not only is the angular integration of the beam different, but also
the segment’s probe wandering will be a fraction of that for the full
precession path. The apparent change in diffraction contrast reflects
these two contributions.

3. Results and discussion

The VBF images from the precession path segmented scan with a
larger step size can be seen in Fig. 2, before and after rigid correction
performed in SmartAlign. As previously mentioned, the scan had a
small intentional pivot point misalignment introduced, and the probe
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Fig. 3. VBF images from a precession path segmented SPED scan with a proper
alignment. Sum of individual VBF (a) before and (b) after rigid correction. (c) and
(d) Intensity profiles from two different regions have been extracted from the two VBF
sums.

shifts were estimated to be up to 13nm from the scan point center
based on feature movement. The misalignment leads to blur in the VBF
image when summed without correction, while the rigid corrected VBF
image shows a noticeable increase in resolution. The relative blurring
is equivalent to the rigid corrected VBF image being convoluted with a
Gaussian kernel 3 px in size with a standard deviation of ¢ = 7. An
intensity profile was extracted from equal positions in both images,
covering a region with two crystalline features. The features show a
larger dynamic range of intensity values and much higher structural
variations in the rigidly corrected image as compared to the non-
corrected one. The transition between a crystalline feature and the
surrounding amorphous regions, i.e. the edges of the features, are
also sharper. Least squares curve fitting was performed to estimate
the increase in edge steepness between the uncorrected and corrected
VBF images. An arctangent function, A - arctan [k (x — x )] with fitting
parameters A, k,and x,, was fit on the rising edge of the feature as seen
in the line profile between 70 nm and 90 nm. Results of the curve fittings
had slope parameters, k, of 0.15+0.01 for the non-corrected VBF edge,
and 0.38+0.03 for the corrected one, in other words a 2.5 times increase
in edge steepness.

A comparison of VBF images before and after rigid correction, from
the precession path segmented scan with a smaller step size, can be
seen in Fig. 3. As the scan did not have an intentional pivot point
misalignment introduced as the previous one, visually there is a small,
but noticeable, difference between the before- and after corrected
images. Here the probe shifts have been estimated to be up to 7nm.
Two intensity profiles have been extracted from equal positions in both
images, as seen in Fig. 3 (b) and (c). The intensity range in these profiles
are on a much smaller scale than the profile in Fig. 2(c), allowing us
to see the small structural variations inside the crystalline region.

The first profile covers a region with a small feature as seen by
the dip in intensity centered around the 70nm point. The feature
appears to have sharper edges and a larger range of intensity values
in the corrected image in comparison to the non-corrected one. In
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the second profile, an intensity spike around the 40 nm point appears
in the corrected image which is not seen in the non-corrected one.
Both profiles hint at increased resolution after rigid correction, while
the non-corrected VBF image appears more blurred due to the probe
wandering.

The experimental results above show that the resolution can be
increased in VBF images when probe wandering of 7nm to 13nm is
present. Although the scan that showed the smallest wandering was
aligned to the best extent of the operator, it is difficult to state to what
degree the spherical aberration of the probe forming lens influences
the shifts. It has been reported that shifts down to 1nm are possible
for an aberration corrected instrument [8], which would imply that
the 7 nm shifts observed in the non-corrected instrument are to a large
degree influenced by the spherical aberration. Probe wandering may
occur within individual precession path segments, e.g., if the beam
experiences a steep change in the aberration function due to a non-
circular precession path. However, this does not need to apply for all
the segments, and so those that experience large probe shifts can be
selectively discarded. This would effectively create a SPED scan with a
percentage of the full precession path.

To achieve the most precise results with this technique, with the
highest freedom to select which segments would contribute to the
final compound SPED scan, the precession path should be segmented
until each segment resembles a single probe. For a probe with semi-
convergence angle, « = 1.2mrad and with a precession angle ¢ =
17.5 mrad, to achieve single-probe segments one would have to segment
the scan 2z¢/2a ~ 46 times. This would drastically increase the scan
size, and each individual segment’s diffraction patterns would have
very low intensity unless compensated for by having a much smaller
precession frequency than the 100Hz utilized. The final result would
imitate a ¢-tilt series, albeit being recorded instantaneously with all
information present in one single scan. It is worth pointing out that
although precession path segmentation increases the apparent resolu-
tion in VBF images, it does so by counteracting the effect of probe
wandering from the beam precessing on an aberration surface. The
optimum case, as described above, will be achieved with a segmented
scan where each segment of intensity integration takes the appearance
of a single beam, but the resolution will not be increased further than
what is achievable without precession.

The methodology in this article has been applied solely to VBF
reconstructions, since probe wandering is straightforward recognizable
as feature movement between the images corresponding to different
segments of the precession path. However, it is also possible to correct
for probe wandering by overlapping diffraction patterns from different
segments that correspond to the same spatial position of the probe.
Since probe wandering is present, the individual segments of the scan
need to be shifted by a fixed amount in both spatial directions. The
shifts can be estimated based on first performing VBF reconstructions
and measuring the displacement of recognizable features between the
different VBF images, as done previously. More optimally one could cal-
culate the shifts based on experimental parameters and the aberrations
of the probe forming lens [8], and attempt to match probe step size in
the scan for accurate fitting. This is a challenge as one would essentially
attempt to reconstruct a circular path using a finite amount of pixels,
which would work for horizontal and vertical pixels, albeit not diagonal
elements. To better fit the distance between pixels on a diagonal, one
could set up a scan with a step size a fraction of the expected probe
shifts.

4. Conclusion

To conclude, we have presented a methodology to increase the res-
olution in VBF images from SPED data by reducing the effect of probe
wandering, a by-product of electron beam precession which causes
image blur. By segmenting the precession path, and performing VBF
reconstructions on individual segments, apparent feature movement
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between images stemming from probe shifts is rigidly corrected in
SmartAlign. The final output, which is a sum of the rigidly corrected
VBF images, shows a significant reduction in blur, particularly evi-
dent in the small structural elements that appeared after correction.
The methodology has proven effective in correcting the shifts due to
instrumental misalignment, which might help to ease the alignment
procedure for the operator, or alternatively, allow for more throughput
on a microscopy session as the alignment requirements are less strict
for high quality imaging.
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