Applied Physics Letters ARTICLE

pubs.aip.org/aip/apl

Lorentz near-field electron ptychography
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ABSTRACT

Over the past few years, electron ptychography has drawn considerable attention for its ability to recover high contrast and ultra-high resolu-
tion images without the need for high quality electron optics. In this Letter, we focus on electron ptychography’s other potential benefits:
quantitatively mapping phase variations resulting from magnetic and electric fields over extended fields of view. To this end, we propose an
implementation of near-field ptychography that employs an amplitude mask located in the electron microscope’s condenser aperture plane.
We demonstrate the capabilities of our method by imaging a magnetic Permalloy sample and compare our results with those of off-axis elec-
tron holography.
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Ptychography is a computational imaging method that is becom-
ing widely used in electron microscopy. In its conventional form, it is a
type of scanned-probe microscopy, in which a convergent electron
beam—the ptychographic probe—illuminates a small patch of a sam-
ple and then scans through a grid of positions to cover a region of
interest, recording diffraction patterns at each point in the grid. The
diffraction patterns are processed by iterative algorithms to reconstruct
an image of the complex-valued transmission function of the sample
while simultaneously recovering the probe wavefront." This simple
experimental process, coupled with robust reconstruction algorithms,
has led to ptychography’s uptake across a range of wavelengths, from
visible light™ to x-rays” ° and electrons.”'* However, due to the near-
focused probe and the requirement for significant overlap of the scan
positions, covering a large field of view using ptychography is prob-
lematic; it requires collection of many diffraction patterns, often num-
bering in the tens of thousands, which is time-consuming both in
terms of data collection and data processing. Near-field electron pty-
chography replaces the conventional focused electron beam with a
full-field, structured illumination and repositions the detector so that it
records near-field (Fresnel region) rather than far-field diffraction
patterns. At the expense of a drop in the achievable resolution

(limited now by the electron optics), it provides quantitative phase
images over large fields of view, from data comprising tens not thou-
sands of diffraction patterns.

Near-field ptychography was first demonstrated with x-rays
but has since been extended to visible light'* and electron'®"” micros-
copy. In the first electron implementation, * the sample was illumi-
nated by a broad, roughly parallel illumination beam, and the
microscope’s selected area aperture (SAA) was used to choose a region
of interest from the resulting brightfield image. The SAA acted like a
virtual probe; it can be thought of as equivalent to the sample being
illuminated by an electron beam shaped like the aperture, shrunk
down by the magnification factor of the microscope objective lens.
This method was later improved by inserting an engineered phase
plate (or diffuser) in the SAA' to better modulate the sample image
wavefront. The diffuser added interference fringes to the data, supple-
menting diffraction from the aperture edges such that even large aper-
tures covering a large sample area produced data containing plenty of
fringe structure. This highly structured data meant megapixel phase
images could be reconstructed from as few as nine diffraction patterns,
but while it considerably reduced the data requirements over the origi-
nal method, this diffuser-based implementation did not make efficient
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use of dose, since sample areas outside of the region masked by the
SAA were constantly exposed to the beam, and signal was lost through
inelastic scatter from the phase plate. Changing the magnification of
the setup to image at different resolutions was also difficult. It required
a different size of SAA for each magnification, so that a full set of
diffuser-equipped apertures was required for multi-scale imaging.

The method we present in this Letter overcomes these limitations
through an experimental arrangement in which the diffuser is located
in the condenser aperture, as shown in Fig. 1. Moving the diffuser
from the SAA to the condenser aperture makes better use of dose,
since there is no masking of the beam by apertures further down-
stream, and it allows a range of magnifications to be programmed sim-
ply by adjusting the condenser lens settings, rather than inserting
different sized apertures in the SAA strip. A further significant differ-
ence here is the use of an amplitude diffuser instead of a phase diffuser.
With the phase diffuser, a silicon nitride membrane with a random
thickness profile introduced variable phase delays into the electron
beam to produce a randomly structured illumination profile; the
amplitude diffuser similarly structures the illumination, without intro-
ducing additional contrast-reducing inelastic background into the
data. It is composed of 350 nm-wide, randomly arranged tracks within
a 50 um silicon nitride aperture, as shown in Fig. 1(b). The electrons
either pass freely through the vacuum, or they are completely blocked
by the tracks, such that the slightly defocused image of the condenser
aperture incident on the sample contains a pattern of fringes and phase
distortions, as shown in the reconstructed probe phase images of
Fig. 2. (Note that large-scale phase aberrations introduced by the con-
denser optics are also present in the probe beam.)

We trialed the experimental configuration shown in Fig. 1 on the
Cs-corrected Titan HOLO electron microscope at the Ernst-Ruska
Center, Forschungszentrum Juelich GmbH, Germany. The microscope
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FIG. 1. The experiment setup of near-field electron Lorentz ptychography. (a) A
schematic of the experimental arrangement; the objective lenses are turned off, and
a parallel illumination probe, including features projected from the amplitude diffuser,
shown in (b), illuminates the sample. The translation of the sample is indicated by
the red arrows. (b) The amplitude diffuser inserted at the condenser lens aperture
(scale bar: 10 um). (c) An example near-field diffraction pattern with latex spheres
as the sample.

ARTICLE pubs.aip.org/aip/apl

was operated at 300 keV with a spot size of 3, in Lorentz mode with
the objective lens turned off for a field-free sample environment
(although the microscope geometry we describe is equally applicable
to conventional brightfield TEM phase imaging with the objective lens
on). The HOLO microscope is equipped with two electron biprisms
optimized for flexible field of view off-axis electron holography mea-
surements, which we employed for comparative measurements, and a
Gatan K2 detector with 3840 x 3712 pixels on a 5 um pitch. For the
ptychography experiments, the sample was translated using the step-
per motor stages on the sample holder, programmed via Digital
Micrograph scripts. The central 2048 x 2048 pixels were extracted
from each diffraction pattern, and the data were binned by 2 to miti-
gate the computation burden during reconstruction and reduce noise.
The exposure time was 0.1s. Under the K2 linear mode, each dataset of
100 diffraction patterns took 5 minutes to collect—the bulk of this
time being used for moving and settling the sample stage.

Our initial experiments used a test sample comprising a 463 nm
gold-shadowed carbon diffraction grating replica populated with poly-
styrene spheres of 263 nm diameter, as in previous papers.'”'” With
these tests, the ability to tune the illumination size and magnification
was demonstrated. Further experiments attempted phase imaging of a
Mo-doped Permalloy magnetic sample, with results compared to off-
axis electron holography on the same microscope. For the initial
experiments, the microscope condenser lenses were tuned such that
out-of-focus images of the amplitude diffuser and condenser aperture
were projected onto the carbon replica sample with diameters of land
2 pum. The microscope projection lenses were adjusted to a defocus of
982 um and a magnification of 7632 for the 1 um experiment, and a
defocus of 952 um and a magnification of 3562 for the 2 um experi-
ment. The resulting diffraction patterns are exemplified by Fig. 1(c).
The sample was scanned in a raster fashion through a grid of 10 x 10
positions with a step size of 20% of the corresponding illumination
diameter. The data were reconstructed using a modified version of the
“ePIE” algorithm, as described in Ref. 16. The algorithm modifications
compensate for experimental noise and uncertainty, including inelastic
scatter, inaccurate scan positions, and a slow drift of the diffraction
pattern center during data collection. This drift was roughly corrected
via cross correlation in a pre-processing step, before 1000 iterations of
the algorithm were carried out.

The reconstructed sample images are shown in Fig. 2(a) (1 um illu-
mination) and Fig. 2(d) (2 um illumination). The illumination wave-
fronts are reconstructed by our algorithm along with the sample images
and are shown in Figs. 2(b), 2(c), 2(e), and 2(f). A Fourier Ring
Correlation (FRC) was used to assess the resolution of our results. To do
this, the diffraction patterns from each experiment were split into two
subsets (the odd and even patterns), and two independent reconstruc-
tions generated. The FRC was calculated from the 600 x 600 pixels cen-
tral area of the two resulting phase images. The half-bit threshold, which
was used as a resolution measure, intersected the FRC curve at a fre-
quency of 0.1879 nm ™ for the 1 um illumination data and at a frequency
of 0.0982nm ™" for the 2 um illumination data, corresponding to resolu-
tions of 5.32 and 10.18 nm, respectively.

Our second set of experiments compared the imaging of a
Mo-doped Permalloy magnetic sample via our method with a bench-
mark result from off-axis electron holography. The same setup shown
in Fig. 1 was employed, with the 2 um-diameter illumination. The
projection lenses were adjusted to give a defocus of 952 um and a
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FIG. 2. Reconstructed latex sphere sample and the corresponding illumination probe. (a) and (d) The unwrapped phase of the reconstructed latex sphere sample under 1 and
2 um diameter illumination, respectively. (b) and (e) The reconstructed illumination wavefronts on a colorwheel scale. (c) and (f) The same wavefronts back-propagated to the

condenser aperture plane.

magnification of 3562. The sample was scanned through a 10 x 10
grid of positions with a step size of 10% of the illumination size, which
produced a more reliable reconstruction in this case. Results are shown
in Fig. 3(a) (modulus) and Fig. 3(c) (phase). Since the objective lens is
turned off and the sample is of uniform thickness, the phase signal in
Fig. 3(c) is predominantly governed by variations in magnetic field,"*
and the gradient of the phase is proportional to the in-plane magnetic
induction of the sample. A set of comparative off-axis holography data
were also collected, using the same TEM settings, to assess the accuracy
of the ptychography phase reconstruction. The holographic recon-
structions are shown in Fig. 3(b) (modulus) and Fig. 3(d) (phase). The
methods show a good match in both modulus and phase. To accu-
rately compare the phase images, the ptychographic reconstruction
was carefully registered to the hologram, to account for slightly dif-
ferent rotation and magnification, a small shift in astigmatism, a
global phase offset, and different sample positioning within each
field of view. The area indicated by the red square in Fig. 3(c) was
cut out from the two images and the phase unwrapped. The phase
difference between these unwrapped areas (the unwrapped holo-
gram phase minus the unwrapped ptychographic phase) is shown
in Fig. 4. Several dots, such as that indicated by the red circle, arise
from artifacts in the hologram caused by dead or occluded detector
pixels. Fringes at the bottom, indicated by the red oval, correspond
to biprism fringes at the edge of the hologram field of view. It is
interesting to note the difference in the vacuum region outside of
the sample; it is not clear from our results which method accurately
represents the true phase in this region. Apart from these features,
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FIG. 3. Reconstructed images of a Mo-dope Permalloy sample obtained by pty-
chography and holography. (a) The modulus and (c) the phase of the ptychographic
reconstruction; (b) the modulus and (d) the phase of the hologram. The phase shifts
in (c) and (d) are primarily caused by variations in the sample’s in-plane magnetic
field. The region indicated by the red square is used to further analyze the accuracy
of the phase reconstruction, as shown in Fig. 4.
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FIG. 4. The difference between the unwrapped ptychographic and holographic
phase images within the area indicated by the red square in Fig. 3(c) (i.e., the
unwrapped ptychographic phase image subtracted from the unwrapped holographic
phase). The red circle identifies one of several dead or occluded detector pixels
that appear in the hologram but not the ptychographic reconstruction. The red oval
highlights fringes from the biprism at the edge of the hologram field of view.

the central areas show close agreement—Iless than a phase wrap of
variation over the entire magnetic domain.

In this Letter, we demonstrated an improved implementation of
near-field electron ptychography using an amplitude diffuser posi-
tioned in the condenser aperture strip. Unlike previous implementa-
tions, variable magnifications are possible in this geometry, via
appropriate adjustment of condenser and projection lens settings;
more efficient use of dose is ensured because there are no post-
specimen apertures, and the amplitude diffuser reduces inelastic scatter
compared to previous phase diffusers. Our results show good agree-
ment with off-axis holography. The ptychographic method benefits
from a comparatively simple experimental setup, a readily extended
field of view and no requirement for a vacuum reference adjacent to
the sample. Holography is quicker in terms of data collection and
processing and is unaffected by inelastic scatter. The major objective of
further development in this area is to investigate the spatial resolution
limit. To reach atomic resolution would require an illumination size
much smaller than the 1 um used here and would, therefore, require a
step size smaller than the minimum possible with the stepper motor
stage. Hence, a more efficient scanning approach is required, perhaps
using the beam shift coils or a piezo-driven stage. Both alternatives
would also speed up data collection, which would compensate for stage
drift. Since dose efficiency should be improved in this configuration,
another objective is to investigate the capability of near-field electron
ptychography for imaging beam sensitive samples.
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