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ABSTRACT

Control over and knowledge of the electron probe is important in all scanning transmission electron microscopy (STEM) techniques. This is
emphasized especially in electron ptychography, where the accurate probe wave function is required to deconvolve illumination from the
specimen. The majority of ptychographic algorithms, such as the extended ptychographic iterative engine, reconstruct the electron probe on
a pixelated grid numerically self-consistently. Solutions are thus not necessarily bound to wave functions physically realizable by the optical
system. A method is presented to characterize reconstructed probes by conventional lens aberrations. The fitted aberrations are then used to
investigate the quality of the retrieved probes, and their consistency is examined in a systematic study using a 4D-STEM focal series recorded
for a thin SnS, 2D flake. Additionally, the influences of partial coherence and limited electron dose on the retrieved probes are analyzed, and
the usefulness of the retrieved probes for different ptychographic methods, such as single sideband, Wigner distribution deconvolution pty-
chography, and gradient descent-based schemes, is elucidated. Finally, applications for ptychography-driven alignments of aberration-
correcting electron optics are outlined.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0238580

Advances in detector hardware' ° and algorithmic develop-
ments”’ made ptychography employing four-dimensional scanning
transmission electron microscopy (4D-STEM) a powerful technique
for the characterization of nanostructures,” ferroelectrics,” and biologi-
cal molecules."’ Ptychography offers a solution to the phase problem,
which has limited both x-ray and electron microscopy since their
inception. 4D-STEM involves the subsequent recording of multiple
diffraction patterns at partially overlapping positions of a scanning
probe. These measurements enable the retrieval of the complex object
transmission function (OTF) and the wave function of the probe by
electron ptychography. In addition to direct, analytical methods such
as single-sideband (SSB)'' and Wigner distribution deconvolution
(WDD)'"” ptychography, iterative schemes such as the extended pty-
chographic iterative engine (ePIE)'” or gradient-based techniques were
established, being additionally capable of deconvolving the illumina-
tion from the object blindly.'* Given the quest for structurally and

chemically accurate object reconstructions revealing, e.g., vacancies,
substitutional atoms, or valencies in 2D materials, examining the con-
sistency of ptychographic reconstructions among different methods
and their physical reliability appears expedient. In particular, the non-
linear signal formation and the complexity of the optimization prob-
lem impede a direct and compact analysis of the convergence behavior
and obtained results, especially in relation to factors such as the shape
of the scanning probe, the dose, partial coherence, and initialization of
the reconstruction.

Here, we present a procedure to fit lens aberrations to probes
retrieved unconstrained on pixelated grids using, e.g., ePIE. These
aberration coefficients are then used to check the quality of the
obtained reconstructions and their consistency with known models by
regaining the physical parameters from the experimental setup. The
retrieved aberration coefficients can then be used to electron-optically
correct aberrations in automated setups. We use the retrieved
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aberration parameters to quantitatively compare different ptycho-
graphic models for consistency. Furthermore, the influence of partial
coherence and limited electron dose on the ptychographic probes
retrieved using fully coherent models, and on the fitting procedure, is
investigated.

The basis for the present study is an experimental through-focus
series of 4D-STEM data of a 2D SnS, flake, acquired in a focus range
of £20nm at a probe-corrected FEI Titan Themis (S)TEM operated at
300kV with a semi-convergence angle of 20.4mrad. A Medipix3
MerlinEM detector with a frame time of 420 ys and a scan pixel size of
0.143 A were used, the latter ensuring sufficient overlap of neighboring
probe positions under in-focus conditions. An average dose of 3500
electrons was detected per diffraction pattern resulting in a total dose
of approximately 1.7 x 10° A2, Reconstructions were performed with
a graphics processing unit (GPU)-based implementation of ePIE'” and
gradient-based schemes employing the TorchSlice (TS) software.” It is
thus expected that ptychographic reconstructions yield (i) identical
OTFs for all scans of the focal series independently of the chosen focus,
and (ii) probe wave functions that only differ by Fresnel propagation,
i.e., defocus. According to the electron-optical setup, probes are gener-
ally well represented by the combination of a binary aperture and a
low number of axial lens aberrations (seven when considering aberra-
tions up to the third order)."”

Reconstructions using ePIE are shown in Fig. 1 for the whole
focal series. The in-focus data were recorded at the beginning, middle,
and at end of the series to check for specimen drift, focus stability, and
specimen damage. All OTF phases in Fig. 1(a) show the hexagonal
structure of the SnS, lattice with the heavy tin columns (Z=50) and
the more weakly scattering sulfur columns (2Z =32, see inset in
Fig. 1). Importantly, the phase ranges from 0 to max. 1.3 rad are con-
sistent among the different reconstructions, with a slight tendency to
larger spans for the three in-focus datasets. In addition to specimen
drift affecting the reconstruction for —10nm defocus, the retrieved
OTFs of the specimen are consistent in that specimen degradation by
knock-on damage or contamination appears negligible since the three
in-focus datasets yield identical results. The reconstructed probes in
Fig. 1(b) show a strong contribution of coma; the probe sizes increase
with the modulus of the defocus, and the curvature of the reciprocal
space phase plate changes accordingly. The three in-focus probes are
particularly in good agreement. To show that the defocused probe
wave functions agree except for the Fresnel propagation effect, all
probes have been propagated to the in-focus plane as shown in
supplementary material Fig. 1. Note that the blind deconvolution
yields reasonable results in all cases, since no specimen details are con-
tained in the probe and vice versa, pointing not only to a converged
ePIE but also to the specimen being thin enough such that the underly-
ing single-scattering model is valid. However, it is also clear that partial
coherence and limited electron dose affect the experimental data, and
that the probes are created by a binary condenser aperture and a phase
plate defined by an aberration polynomial y(q). Consistency of the
unconstrained probes from ePIE, retrieved on a pixelated grid as com-
plex values, with electron-optical requirements is thus analyzed next.

To this end, let us consider a single probe corresponding to
4D-STEM data taken with 10 nm defocus in more detail, as shown in
Fig. 2. Its amplitude is sharply peaked in real space with a coma tail
extending into the upper right. The real space phase shows oscillations
matching the structure of the tail. The modulus of the Fourier-
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a) Pixel-wise reconstruction using ePIE
0 10 20 0 -10 -20 0

Object Phase
0 13 0 1.1 0 12 0 13 0 12 0 13 0 1.3

Probe modulus (real space)

Probe phase (reciprocal space)

b) Probe fit by aberration polynomial
Probe modulus (real space)

FIG. 1. Reconstructed phase gratings and probes from the 4D-STEM focal series.
Phase gratings obtained using ePIE and their power spectra, reconstructed probe
modulus, and reciprocal space phase plate from the experimental 4D-STEM focal
series (a). The set foci are shown at the top. Modulus of the fitted probes and fitted
reciprocal space phase plate (b). The real space scale bar is 5A in all cases. The
atomic structure of tin disulfide is overlaid in the top right.

transformed probe resembles the circular condenser aperture, albeit
not strictly binary and sharply terminated. This is a result of the lim-
ited electron dose in combination with partial coherence and will be
discussed below. Except for a few pixels, the obtained phase plate

a) ePIE b) fitted
real reciprocal real reciprocal

amplitude

phase

—x/4 0 /4

FIG. 2. Comparison of ptychographic and fitted probe. Real and reciprocal space repre-
sentation of the ptychographic probe (a) and the fitted probe (b). The resulting modulus
of the real space residual and the difference between the reciprocal phases are shown
in (c). The real space scale bar equals 5 A, and the aperture radius is 20.4 mrad.
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(reciprocal space phase) is smooth and predominantly indicates the
presence of defocus and coma from a qualitative point of view.
Quantitatively, the coefficients of axial aberrations need to be deter-
mined, for which a fitting procedure to the probe wave function in
Fig. 2(a) was developed. A gradient-based scheme was used to mini-
mize the mean squared error,

Z = Z Wepie(F1) = Vgea (i) 1

between the complex ptychographic probe V pr and the fitted probe
Vsieq i real space. Gradients were calculated using the automatic dif-
ferentiation scheme implemented in pytorch'® in combination with
Adam as an optimizer.'” The fitted probe wave function Vg,.q is
defined as the inverse Fourier transform of a predefined aperture func-
tion a(4) and a phase plate given by the aberration polynomial y(§),

Viea(F) = 7 [a(@)e D2 (7). ®

The vector § takes a possible real space shift into account, which is
important because the ptychographic problem is invariant with respect
to real space translations. While fitting against the mean squared error
of the probe intensities was performed as well, it can result in the com-
plex conjugate wave function. The nomenclature of Haider et al. is
adopted for the aberration coefficients,"” and the fitting is restricted to
third-order aberrations, as negligible improvement of the correlation
coefficient and mean squared error was obtained when including
higher orders. Fitting simulated probes showed the procedure being
robust against additive Gaussian noise. The resulting fit is shown in
Fig. 2(b). A very good match for the ptychographic probe in Fig. 2(a)
is achieved resulting in a correlation coefficient of 0.99 for the ampli-
tudes and 0.96 for the complete wave function. Additionally, the
amplitude of the real space residual in Fig. 2(c) is small, reaching a
maximum of 7% of the maximum probe amplitude in Fig. 2(b).
Similarly, the difference between the two phase plates is mostly flat.
Consequently, the ptychographic probes obtained by ePIE are well
characterized using a round binary aperture and axial aberrations. The
reliable description of the ptychographic probe using aberration coeffi-
cients also shows that the influence of other effects, such as the charg-
ing of the aperture edge, is minimal here.

This electron-optical parametrization was then applied to all
probes retrieved from the focal series in Fig. 1(a), yielding correlation
coefficients above 0.95 for the complex wave functions and 0.97 for the
amplitudes. To gauge the consistency of the resulting fit with theoreti-
cal expectations for a 4D-STEM focal series, the fitted defocus C; fitted
was plotted against the defocus C; « set at the microscope. A linear
relationship,

Ciitted = (1.22 % 0.02) Cp oo — (2.34 = 0.43) nm, 3)

was found, where the low standard deviations of the linear regression
support the quality of both the fitting procedure and the physical reli-
ability of the retrieved probes. The deviation of the slope from unity is
attributed to the focus calibration of the microscope. In addition to the
linearity between the set and measured probe focus for the focal series
in Fig. 1, an additional requirement is the stability of other aberration
coefficients whose mean values and standard deviations are listed in
Table 1. Standard deviations amount to approximately 13 nm for the
second-order aberrations and 500 nm for the third-order aberrations.

ARTICLE pubs.aip.org/aip/apl

TABLE I. Average aberration coefficients and their standard deviations obtained from
the focal series in Fig. 1.

Aberration Value (nm)
A, 25+0.5
A, 120 = 12.3
B, 257.6 = 14.5
Cs —653.6 *2116.3
S5 86.1 = 495.2
As 496.7 = 426.4

An exception is the third-order spherical aberration C; for which a
standard deviation of 2 um is obtained. The high standard deviation is
a result of the fact that defocus and spherical aberration may partially
compensate each other. These precisions are comparable and partly
better than those obtained from Zemlin tableaus performed using an
aberration corrector.

After convergence of the ePIE algorithm, the aberration coeffi-
cients are very stable. Throughout the last 12 ePIE iterations, a stan-
dard deviation below 0.05nm was observed for the first-order
aberrations, below 0.5 nm for the second-order aberrations, and below
20 nm for the third-order aberrations, with the exception of the third-
order spherical aberration where higher standard deviations of up to
100 nm may be observed. A possible reason could be that defocus and
spherical aberration are not orthogonal. Note that the change of the
probe aberration parameters and the correlation coefficient between
the fitted and ptychographic probe can be used as a criterion to judge
both the convergence and physical reliability of the ptychographic
reconstruction.

According to Fig. 2, the ptychographic and parametrized probes
also exhibit faint differences. First, the experimental real space probe
oscillations do not continue infinitely but vanish into a noise back-
ground. Second, the reciprocal space aperture is not binary as in the fit-
ted case but shows some graininess while, furthermore, not falling
exactly to zero outside the expected aperture rim. In that respect, the
ePIE interaction model differs in two distinct factors from the experi-
ment, since it assumes perfectly coherent illumination and does not
include the effects of limited electron dose.'® In the following, the
influences of partially coherent illumination and limited electron dose
are investigated as depicted in Fig. 3.

For that purpose, ePIE reconstructions were performed based on
data simulated with the multislice algorithm assuming (i) perfect
coherence, (ii) including partial temporal and spatial coherence, and
(ili) including partial coherence with a dose of 3500 electrons per
CBED as in the experiment. In a fully coherent simulation, ePIE
retrieves the object potential and the simulated probe almost perfectly
as shown in Fig. 3(a) (top left). The introduction of partial coherence
suppresses the contrast of the atomic columns significantly by 25%
[top right in Fig. 3(a)]. However, the influence on the retrieved probe
is minimal as shown in Fig. 3(b) (top row). This is remarkable, because
it means that partial coherence effects of the probe are rather consid-
ered in the retrieved OTF than in the reconstructed probe. The aper-
ture edge in Fig. 3(c) remains sharp, and no noise background is found
in real space by partial coherence effects. In contrast, the introduction
of a limited dose via Poisson noise increases the agreement with the
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FIG. 3. Influence of partial coherence on specimen and probes retrieved using ePIE. Phase grating retrieved using ePIE for simulated data assuming perfect coherence, includ-
ing the effect of partial coherence and limited electron dose (a), real space modulus, reciprocal space modulus, and reciprocal space phase of the probes retrieved in the same
reconstruction (b)—(d). The results of an experimental dataset are shown as a comparison. Simulations were performed using multislice for a specimen thickness of four mono-
layers, standard deviations of 0.05 and 2 nm were assumed for the partial spatial and temporal coherence. The scale bar is 2 A in all cases.

experimental results significantly, yielding the observed broadening of
the atomic columns in Fig. 3(a) (bottom left). Additionally, the features
noted for the experimental probe start to appear such as the graininess
of the aperture in Fig. 3(c) (bottom left) and the noisy background in
real space in Fig. 3(b). To conclude, the influence of the limited elec-
tron dose is significantly larger than that of the limited partial coher-
ence in the investigated case. Importantly, the fitting procedure
retrieves the correct defocus in all cases with a maximum deviation of
0.4 nm.

With the parametrized probes, it is now possible to compare dif-
ferent ptychographic schemes by using the measured aberration coeffi-
cients. Here, four ptychographic approaches are compared, being (i)
SSB ptychography' ' and (ii) WDD '~ as direct inversion concepts on the
one hand, as well as the iterative techniques (iii) ePIE and (iv) gradient
descent-based inverse multislice using the TS software’ on the other
hand. Note that (i)-(iii) exploit a single multiplicative interaction model
using a weak phase object (SSB) or an arbitrary complex transmission
function (WDD and ePIE), whereas the inverse multislice additionally
takes multiple scattering into account. The results are shown in Fig. 4
for the dataset taken at +10nm defocus. Aberrations according to
Table I have been taken into account for the SSB and WDD reconstruc-
tions and used for the initialization of the inverse multislice. For the lat-
ter, partial coherence and the limited electron dose were taken into
account, and the positions of the scanning probe have been optimized
as well. The Poissonian loss function to include the correct maximum
likelihood optimizer(”IS for the counting statistics has been used, and sli-
ces were optimized on a pixelated grid without constraints.

The inclusion of higher-order aberrations yields the well-resolved
atomic structure in all three single-scattering ptychography techniques.
The tin columns are brighter than the sulfur ones due to their higher
projected potential. While SSB also shows the atomic structure with
high resolution, as becomes visible in the power spectra, it exhibits sig-
nificantly reduced phase contrast when compared to the other three
schemes. Given the underlying weak phase object approximation, this
is expected for the SSB result and indicates that the specimen violates
the weak phase object approximation. In this respect, the more general
interaction model exploited by WDD and ePIE yields a much better
match among these reconstructions, which both show comparable
phase shifts with a range being four times larger than in the SSB case.
While one could argue that there is no point in performing a WDD
reconstruction with a successful ePIE result already present since both

FIG. 4. Comparison of different ptychographic schemes. Reconstructed specimens
and their power spectra (inset) for single-sideband (SSB) ptychography, Wigner dis-
tribution deconvolution (WDD), ePIE, and the projected potential from a TorchSlice
(TS) reconstruction. The real space scale bar is 5A in all cases, and the reciprocal
space scale baris 1A~".

algorithms are based on the same interaction model, it is to note that
the phase range of the WDD reconstruction is slightly higher and that
it contains higher spatial frequencies in the power spectrum that are
related to the crystal lattice. This might be surprising at first glance, as
the ePIE algorithm is not aperture limited in contrast to the standard
implementation of the WDD reconstruction used here.'”*" However,
in the present case, the resolution is mostly limited by the electron
dose and as such neither of the two algorithms reach the resolution
limit set by the employed aperture. The better performance of the
WDD algorithm is possibly related to the direct nature of the method,
which leads to the algorithm considering all diffraction patterns at
once vs one at a time for ePIE, which has been reported to be more sta-
ble.”’ On the other hand, the iterative ePIE scheme usually allows for
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the robust deconvolution of the probe wave function and OTF without
critical prior information and has reduced sampling requirements in
scan space compared to the direct methods. Nevertheless, the deconvo-
lution of illumination and specimen using SSB and WDD by employ-
ing aberrations obtained by parametrizing probe wave functions
retrieved with ePIE is promising for the application to live reconstruc-
tions as both SSB and WDD can be formulated to be suitable for live
imaging.”>*’ Supplementary material Fig. 2 depicts a simulation study
in which probes were retrieved while different effects have been taken
into account in the forward simulation, such as Poisson noise, partial
coherence, and scan grid distortions. Note that the focus is the most
volatile parameter of the probe, whereas higher-order aberrations
remain more stable in time. Performing a single ePIE reconstruction to
determine higher orders, and then running live reconstructions with
only the focus unknown provides thus a suitable perspective for effi-
cient high-resolution SSB or WDD live ptychography.

We finally consider the inverse multislice reconstruction with TS
bottom right in Fig. 4. Comparison of ePIE reconstructions of simu-
lated data with the experiment showed the best agreement for four
monolayers of SnS,; thus, reconstructions were performed in a four-
slice model with the propagation distance matching the layer distance
of 5.89 A. The reconstructed phase grating shows strongly improved
resolution with much sharper atoms and a phase spanning approxi-
mately twice the range as compared to WDD and ePIE. Aberration
coefficients were found to be stable as to the initialization from the fit-
ting procedure, except for the defocus, which was refined to be approx-
imately 2 nm closer to the crossover of the overfocused probe. This is
expected, because single-slice models (SSB, ePIE, and WDD) reveal
foci within the specimen bulk, whereas multislice is capable of distin-
guishing between propagation of the wave function before and during
the interaction with the specimen. The difference in the inverse multi-
slice result including coherence and dose effects to the other
approaches also shows that, although ePIE, SSB, and WDD accom-
plish a deconvolution of probe wave function and specimen and yield
atomic structures at high resolution, a quantitative interpretation of
the retrieved phases needs to be taken with care, even in few-layer
thick sheets of 2D materials.

To conclude, using the ePIE, the interaction model of an arbi-
trary, multiplicative complex specimen function is less restrictive as
compared to previous ptychographic aberration measurements based
on the weak phase approximation.”* It is found that all probes of a
focal series are well characterized by aberrations and a binary aperture,
only differing in focus, while all other aberrations are stable within the
error margins. Other effects such as charging of apertures, partial
coherence, and counting noise play a minor role in the measurements
of the aberration coefficients. The determined aberrations are of signif-
icant practical use in several respects. First, they can be incorporated
into other ptychographic schemes, namely SSB, WDD, and inverse
multislice ptychography. Second, the retrieved aberration coefficients
can be used to directly control correcting electron optics, such as stig-
mators or aberration correctors. While a typical ePIE reconstruction
for 128% scan pixels, including the determination of aberration coeffi-
cients, takes on the order of 1 min, being comparable to Zemlin tableau
measurements of aberrations, a further advantage of ptychography-
based aberration measurements is that they can be performed directly
at the specimen of interest without the need for switching to a dedi-
cated calibration sample.

ARTICLE pubs.aip.org/aip/apl

See the supplementary material for all probes determined at dif-
ferent foci, Fresnel-propagated to the in-focus plane for comparison in
Fig. 1. A simulation study according to the experimental conditions is
presented in Fig. 2, demonstrating the effects of partial coherence,
Poisson noise, and scan noise on probe retrieval separately.
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