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Merlin T4 from Quantum Detectors, based on the Timepix4 ASIC developed by the Medipix
collaboration at CERN [1], is a next-generation hybrid pixel counting detector for transmission
electron microscopy (TEM) that integrates and extends the capabilities of earlier ASIC
generations within a single platform. It supports data-driven and frame-based operation. In
data-driven mode, individual electron events are recorded with position (X, Y), time of arrival
(ToA), and deposited energy (ToT), supporting beam currents up to 200 pA with 196 ps timing
precision, while frame mode reaches up to 40k fps with 8-bit dynamic range across the full
512 x 448 pixel array.

This poster highlights the practical advantages of Merlin T4 for TEM applications. Data-driven
acquisition enables fast 4D-STEM, correlative, diffraction, EELS, and dynamic TEM
microscopy, while frame-based operation accommodates higher currents for nanobeam
diffraction and dynamic TEM imaging. Sub-nanosecond timestamping combined with energy
measurement further enhances detector performance and enables data volume reduction
through post-processing. An example of imaging improvement is demonstrated for a single
diffraction pattern in Fig. 1.

Fig. 1: Merlin T4 diffraction data improvement through post-processing: (a) raw frame; (b)
reconstruction using local detector-response analysis and clustering. Main patterns are shown
in logarithmic contrast; inset details are shown in linear contrast. Data were acquired on a
JEOL cryoARM microscope (Crewe) at the Rosalind Franklin Institute with 200 kV beam
energy; frames correspond to a 0.782 ms snapshot during continuous tilt of a biotin sample.
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The use of a precessing electron beam in 4DSTEM for improving the quality of diffraction
patterns is well known in literature. The same methodology can also be applied for tackling
other materials analysis problems such as the measurement of local fields in the sample [1]
and the characterization of amorphous materials [2].

In this poster, we will demonstrate the advantages of using precession for electric field
measurements, and describe how we aim to extend this application to the mapping of local
magnetic fields. Additionally, we will show results on the automatic analysis of short-range
order in amorphous materials from 4DSTEM maps using the electron Pair Distribution
Function analysis, and present our roadmap on extending this capabilities towards amorphous
phase mixtures and strained amorphous materials.
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Fig. 1: Example of the benefits of precession Fig. 2: Determination of short range order in a
in an e-field mapping experiment. semiconductor device cross-section.
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With its broad range of applications, 4D STEM is increasingly used as a standard technique.
To minimize overhead and simplify usage, we developed EMplified Scan, a software package
that supports 4D STEM acquisition with TVIPS TemCam-XF cameras and DECTRIS hybrid
detectors, such as QUADRO and the ultra-fast ARINA detector. Synchronization of scanning
and image acquisition is handled by the TVIPS Universal Scan Generator. The datasets are
stored in lossless compressed HDF5 format with complete metadata for seamless
postprocessing.

EMplified Scan enables real-time computation of virtual detectors, allowing multiple custom
detectors to be displayed alongside standard STEM detectors during continuous acquisition.
It also integrates essential microscope control functions, including automatic beam blanking
and detector insertion/retraction.

Camera systems from TVIPS and from DECTRIS can be integrated into EMplified Scan,
making it a flexible solution for upgrading JEOL or TFS microscopes with 4D STEM capability.
Performance examples are:

- DECTRIS ARINA: 1024 x 1024 scan with 2x binned pixels (96 x 96 pixels) in <10 s.
- TVIPS TemCam-XF416ES: 100 x 100 scan at a camera format of 1024 x 1024 pixels in

<1 min. It offers a large resolution and field of view of up to 4k x 4k pixels with a pixel
size of 15.5 ym.

Fig. 1: Screenshot of EMplified Scan showing virtual dark and bright field detector images of
a cross section of sputtered InP. The monitor image (right lower corner) shows the live
diffraction pattern on a TemCam-XF416.
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Scanning precession electron diffraction (SPED) measures a series of spatially-resolved
transmission electron diffraction patterns with a precessed, nanometer-sized electron probe
scanning over a specimen. Featured by double conical beam rocking [1], this approach
suppresses dynamic diffraction effects and offers accurate orientation mapping, phase
identification and strain analysis in crystalline materials. Here we replace the pre- and post-
specimen beam rocking by a stage rocking and implement an automated SPED workflow in a
scanning electron microscope (SEM) with an ultrafast event-driven detector. The detector is
attached to the SEM stage for its own manoeuvre, while a hexapod-like rocking stage is added
on top of the SEM stage (Fig. 1) so that the specimen can be positioned independently,
oriented to desired crystallographic axis, and tilted to different azimuthal angles. Two different
camera lengths of around 75 mm and 125 mm are accessible. The detector consists of 2x2
Timepix3 chips (in total 512x512 pixels) with maximal permitted event rate up to 320 Mhit/s.
This allows effectively MHz frame rate with reasonable probe current and facilitates serial
measurements at different stage azimuthal tilting angles, which can be post-merged into a
SPED dataset. The developed SPED-in-SEM workflow offers high-throughput reliable
orientation/phase mapping in more accessible SEM platforms, but also allows FIB-prepared
specimen directly chacaterized in the same vacuum chamber without exposed to air and
transfer to a TEM, especially important for air-sensitive specimens.
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Fig. 1: This is an image
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Electron microscopes can be operated in different modes like conventional transmission
electron microscopy (CTEM) and scanning TEM (STEM). CTEM in particular for observing
cryo-vitrified specimens is well developed and offers advantages like a larger field of view,
high-throughput data acquisition. However, in CTEM a range of defocus is used in order to
increase phase contrast for biological samples, leading to information loss and complicating
image interpretation. In STEM, phase contrast can be obtained by increasing the
dimensionality of the dataset from 2D to 4D using differential phase contrast (DPC) or center-
of-mass (COM) imaging. These imaging methods are still limited by the detector technology.
While the pixelated detector is comparably slow, the segmented detector is limited in the
number of available segments. By employing the reciprocity theorem, which relates both
CTEM and STEM through a source-detector interchange, the advantages of both methods
can be combined. Instead of acquiring TEM along the optical axis, the beam is tilted to a polar
angle 6 and rotated over an azimuthal angle ¢ resulting in a sparse 4D-TEM dataset. This
acquisition can be implemented with a continuously moving beam (precession) or by a
discretely tilted beam. It has already been shown that Fourier-precession can enable direct
mapping of built-in electric fields in nanostructures like the electric field in a GaAs p-n
junction [1]. Here, the goal is to apply this method to dose-sensitive biological samples
embedded in vitreous ice, specifically tobacco mosaic virus (TMV) that provides a highly
symmetrical, helically ordered specimen that gives rise to characteristic layer lines in the FFT.
The achievable resolution and contrast improvement by this method is assessed in this work
by optimizing the acquisition set up as well as the subsequent reconstruction.

Fig. 1: Reconstructed iCOM from 8 discrete
tilts at 4.8 mrad showing vitrified TMV rods
and the respective FFT with layer lines visible
at23 and 11.5 A.

References:
[1] Lorenzen, T. et al. (2024) “Imaging built-in electric fields and light matter by Fourier-
precession TEM,” Scientific Reports, 14(1). https://doi.org/10.1038/s41598-024-51423-x



Practical Challenges and Strategies for Phase Contrast 4D-
STEM Tomography of Thick Biological Specimens

Berk Kigukoglu'.2,?*, Massimo Kube'.2, Wen-Lu Chung'.?, Georgios Varnavides'®, Max Leo
Leidl*.®, Abraham Lewis Levitan®’?, Julika Radecke'.?, Daniel Stahli'.?, Stephanie Ribet?,
Carsten Sachse*, Manuel Guizar-Sicairos®.”, Colin Ophus®, Knut Miller-Caspary®, Henning
Stahlberg’.?

'EPFL, LBEM, Institute of Physics, Route de la Sorge, 1015 Lausanne, Switzerland
2UNIL, Dept. of Fundamental Microbiology, Route de la Sorge, 1015 Lausanne, Switzerland
SDECTRIS AG, Taefernweg 1, 5405 Baden-Dattwil, Switzerland
4Forschungszentrum Jilich, ER-C-3: Structural Biology, Jilich, Germany
SLMU Minchen, Dept. of Chemistry and Centre for NanoScience, Butenandstr. 11, 81377 Miinchen, Germany
SEPFL, Computational X-ray Imaging Laboratory, Route de la Sorge, 1015 Lausanne, Switzerland
"Paul Scherrer Institute, Forschungsstrasse 111, 5232 Villigen, Switzerland
8 NCEM, Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
9Stanford University, Dept. of Materials Science and Engineering, Stanford, CA, USA
0Department of Imaging Physics, Delft University of Technology, Lorentzweg 1, 2628 CJ Delft, the Netherlands

"berk.kucukoglu@dectris.com

4D-STEM combined with phase retrieval shows promise for tomographic imaging of thick
biological specimens, where conventional cryo-EM is limited by inelastic and multiple
scattering [1]. We collected 4D-STEM tilt series from specimens 200—700 nm thick, comparing
ptychographic [2] and tilt-corrected bright-field STEM (tcBF/parallax) [3] reconstructions [4].

Several practical challenges arose during these reconstructions. Specimen tilt introduces a
varying defocus across the field of view, which without dynamic defocusing during acquisition
must be corrected computationally, either by choosing a single optimal defocus for parallax,
or by varying the probe defocus as a function of scan position in the ptychographic forward
model. Both approaches improve reconstruction quality but have limited effectiveness at high
tilt angles, where hardware-level defocus correction becomes necessary. Additionally, multi-
slice ptychography, despite its theoretical advantages [2], converged inconsistently at the sin-
gle-digit e/A2 doses typical of cryo-tomography. Parallax proved more robust under these
conditions and yielded tomograms from which preliminary sub-tomogram averaging shows
encouraging results. We discuss strategies to address these challenges.

Fig. 1: Projection from the tilt series, showing Fig. 2: Central slice of the tomogram
microtubules and gold fiducials. reconstructed from the tilt series.
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STEM images suffer from distortions caused by sample drift and instabilities of the scan
generator. These distortions are particularly pronounced in STEM spectrum-images, which
typically require a longer dwell time. Multi-frame acquisition helps to mitigate these effects.
Still, the following hierarchical strategy to correct STEM distortions is needed:

1. Rigid frame alignment via cross- or phase- correlation.

2. Correction for continuous linear drift, estimated from the rigid shifts between frames.
Each frame is then corrected using the affine transformation that accounts for shear and
contraction / extension. This transformation requires estimation of two free parameters.

3. Correction for non-linear intra-frame oscillations. After [1], we assume that distortions
are negligible within each line along the fast-scan direction, while certain x/y shifts among rigid
scan lines are allowed (Fig. 1a). The evaluation proceeds in two steps (Fig. 1b). First, we
divide an image into representative horizontal stripes and compute cross-correlations with the
corresponding stripes in a reference image. Second, we interpolate the resulted sparse shift
points using a smooth cubic spline. The forthcoming back-mapping deforms the image toward
the reference. Typically, several back-mapping iterations are required. This procedure can be
applied to both multi-frame STEM images and spectrum-images, provided that the latter are
accompanied by STEM HAADF acquisition. The correction requires an appropriate reference.
For STEM spectrum-images, a fast-scanned overview image is suitable, as it efficiently
reduces distortions of the slow-scanned spectrum-images to the level of the fast-scanned
overview. If a higher accuracy of correction is required (e.g., multi-frame STEM imaging at
moderate scan rates), two options for a reference are available: (i) an additional fast, noisy
STEM image, or (ii) a frame with a minimal shift relative the other ones (Fig. 2).
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Four-dimensional scanning transmission electron microscopy (4D-STEM) enables spatially
resolved crystallographic analysis of phase-change memory (PCM) devices during electrical
switching [1], but the low electron dose required for in-situ measurements results in diffraction
patterns with limited signal-to-noise ratio. Information relevant for phase and orientation
mapping is encoded in weak, localized diffraction peaks [2], making reconstruction quality
poorly captured by global similarity measures commonly used to train and evaluate
autoencoders [3].

This work focuses on loss design and evaluation for autoencoder-based reconstruction of
diffraction data. We introduce a signal-weighted reconstruction loss that explicitly accounts for
the strongly inhomogeneous intensity distribution of diffraction patterns and increases
sensitivity to weak non-zero-order reflections. To assess reconstruction fidelity in a manner
aligned with crystallographic analysis, we further propose peak-based evaluation metrics that
guantify peak localization accuracy and relative intensity consistency rather than pixel-wise
agreement.

The approach is validated using synthetic diffraction datasets with known ground truth
spanning multiple sparsity and length-scale regimes and is applied to experimental 4D-STEM
data acquired from PCM devices. Compared to standard reconstruction objectives, the
proposed loss improves retention of weak diffraction peaks and reduces spurious peak
detections as measured by the proposed metrics. The low-dimensional latent representation
also provides an efficient encoding of large 4D-STEM datasets, enabling substantial data
reduction while preserving analysis-relevant information [4] and maintaining weak diffraction
features in low-dose 4D-STEM measurements.

Noisy Denoised (MSE) Denoised (wWMSE) Ground truth

Fig. 1: Qualitative comparison of denoising results
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Four-dimensional scanning transmission electron microscopy (4D-STEM) offers promising
imaging modes for probing beam-sensitive materials at ultra-low electron doses. However, the
resulting 4D-STEM datasets are often degraded by mixed Poisson-Gaussian noise, which
substantially limits their interpretability. We present a denoising framework that integrates: (i)
an Improved Maximum A Posteriori (IMAP) noise model for statistically rigorous exit-wave
refinement [1]; (ii) periodic block matching that exploits crystallographic lattice periodicity using
a Kullback-Leibler divergence similarity metric [2]; and (iii) Kronecker-Basis Representation
(KBR) tensor regularization to promote structured sparsity [3].

The IMAP model defines the data fidelity term via a weighted least squares objective that
accounts for heteroscedastic counting noise under low-dose electron detection, together with
additive Gaussian electronic noise. Periodic block matching leverages translational symmetry
to group diffraction patterns from crystallographically equivalent positions, maximizing self-
similarity while preserving detector coordinate structure critical for reciprocal-space
relationships. KBR regularization combines core tensor sparsity with mode-wise low-rank
structure through a log-sum relaxation, effectively unifying advantages of Tucker and
Canonical polyadic decompositions [4]. Together, these components enforce fidelity to the
mixed noise statistics while promoting physically meaningful, structured tensor
representations.

By integrating physics-based noise modeling, crystallographic geometric priors, and advanced
tensor regularization, the proposed approach is expected to deliver improved restoration on
crystalline samples while maintaining physical consistency, including intensity conservation,
positivity, and reciprocal space alignment.
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Electron ptychography routinely achieves sub-angstrom spatial resolution, yet its application
to high-throughput materials characterization is bottlenecked by the computational cost of
iterative solvers. Conventional algorithms, such as the Extended Ptychographic lterative
Engine (ePIE), rely on sample-specific global optimization, which necessitates repetitive, time-
consuming computation for every new field of view. Here, we present a deep learning
framework designed to transcend these limitations, establishing a pathway for real-time,
general-purpose phase imaging.

Distinguished from standard end-to-end surrogates that often overfit to specific structural
templates, our framework is designed to approximate the intrinsic statistical mapping between
diffraction intensities and phase shifts. By targeting fundamental scattering features rather
than macroscopic object morphologies, the model exhibits remarkable robustness across
varying specimen structures under a consistent instrument configuration. We validated the
framework using experimental 4D-STEM datasets, demonstrating that a single trained model
can reconstruct diverse atomic features with fidelity comparable to iterative solvers (Fig. 1).
Frequency domain analysis confirms that the method strictly preserves the physical resolution
limit and correctly reproduces medium-range order. In terms of efficiency, the inference
process accelerates reconstruction by orders of magnitude compared to iterative baselines,
matching the throughput of modern high-speed detectors and enabling continuous, large-
scale atomic characterization without the need for repetitive per-scan optimization.

lterative Method Al Reconstruction

Fig. 1: Comparison of reconstruction fidelity
and resolution
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In 1936, Otto Scherzer proved that static, rotationally symmetric electromagnetic lenses with zero on-
axis charge inevitably exhibit positive spherical (Cs) and chromatic (Cc) aberrations [1]. This
fundamental limitation has shaped electron optical design for nearly a century. One route to
overcoming Scherzer’s constraint is to violate its assumptions by introducing a charged element along
the optical axis. A thin charged foil provides such a mechanism, enabling negative contributions to the
spherical aberration coefficient through the fourth derivative of the axial electrostatic potential [2]:

Cs =~ . @/ {[r’z + q)—”rz]z oW r4} dz
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As expressed by the formula, spherical aberration depends on both the axial potential distribution and
the paraxial ray trajectory. However, modifying the potential alters the paraxial properties of the
system itself, leading to strong internal interdependence between field configuration and ray
propagation. This coupling complicates prediction of the achievable correction strength and raises a
fundamental question: how can the correction power of a foil-based corrector be determined in a self-
consistent and practical manner?

Here, we present a systematic analysis of a conceptually simple foil-corrector design (Fig. 1). We
quantify its achievable correction strength, analyze stability and sensitivity, and evaluate its influence
on system resolution and aperture angle control. Rather than focusing solely on minimizing Cs, we
assess performance using practical implementation criteria, including robustness, tunability, and
design simplicity.

Our results clarify the correction mechanisms enabled by charged foils and identify design principles
for stable and effective operation. The proposed architecture represents a promising route toward
compact, cost-effective, and user-accessible spherical aberration correction in electron optical
systems.
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Figure 1 Design of a simple corrector system with foil-lens.
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The process of discovering and refining new materials, as well as enhancing existing ones for
a variety of uses, including quantum applications, is a complex and multifaceted endeavor.
[1,2] We introduce an advanced analytical framework for the quantitative characterization of
semiconductor and quantum heterostructures at the atomic scale. The methodology combines
high-resolution Transmission Electron Microscopy (HR-TEM), Scanning TEM (STEM), and
Electron Energy Loss Spectroscopy (EELS) to extract structural and compositional information
with hanometric to sub-angstrom precision. The proposed workflow integrates conventional
image analysis algorithms with both supervised and unsupervised machine learning
procedures, enabling automated identification of material composition, crystallographic phase,
and lattice orientation through direct model comparison.

Beyond structural identification, the framework g T,

incorporates automated strain mapping and defect 4 =
{ a
2

guantification, providing a comprehensive insight into
nanoscale structural distortions that modulate device .
performance. The extracted parameters are used to %
generate physically consistent models for simulation, l
bridging experimental data  with predictive = |
computational tools to relate microstructural attributesto '/
functional behavior. [3]

We demonstrate the approach on SiGe quantum well
heterostructures optimized for spin qubit generation,
among many other relevant materials science systems,
achieving fully autonomous quantification of strain
distribution and interfacial ordering. The workflow,
however, is material-agnostic and scalable to a wide
variety of heterostructured devices. Its generalization
capability represents a significant advancement toward  Figure 1: Automated workflow
automated, reproducible, and model-integrated (S)TEM  pjpeline for the autonomous
characterization for next-generation quantum and ynveiling of physical
electronic device architectures. knowledge.
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Precise quantification of internal electric fields and strain at semiconductor heterointerfaces is
crucial for optimizing device functionality. Here, four-dimensional scanning transmission
electron microscopy (4D-STEM) combined with fast beam precession is employed to reliably
map strain and internal electric field distributions across AlGaN-based heterostructures with
nanoscale spatial resolution. The contribution of mean inner potential and polarization to the
total electric fields were fitted, respectively, to the first derivative and linear component of the
composition profile [1] (Fig. 1). Based on the chemical composition (determined by EDS) as
well as the strain in each heterostructure layer, the spontaneous and piezoelectric polarization
fields can be theoretically calculated and compared with the experimentally determined total
polarization fields. The synergetic measurement and correlative analysis developed here
provides direct insight into the interplay between local structure, composition, strain and
polarization fields in semiconductor devices.
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Fig. 1: a) Electric field map determined from the 4D-STEM dataset. b) Horizontally averaged
line profile along the vertical direction from bottom to top in (a). The red dashed area in a) is
chosen as the reference (zero value). c) Normalized composition profile determined from
HAADF image intensity. d) Contribution of mean inner potential to the total electric fields fitted
as the negative first derivative of the composition profile. e) Contribution of polarization to the
total electric fields fitted as the linear component of composition profile.
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Understanding photoemission-driven charge dynamics at metal surfaces is important for the
judicial design of electron sources and studies of ultrafast plasma formation. Following
femtosecond laser excitation, transient electron clouds are formed and evolve collectively on
femtosecond time scales, generating rapidly varying near-surface electric fields [1, 2].

Recently, the use of free-electron pulses in ultrafast TEM [1,2] and ultrafast SEM [3] was
offered as means to probe photoemission dynamics, by measuring the inelastic or elastic
scattering of the free-electrons of the photoemitted electron-cloud field. Despite these efforts,
an accurate and complete spatio-temporal description of the intricate dynamics of
photoemission is still missing. The challenge originates from the interplay of multi-electron
Columb interactions on ultrafast timescales, occurring in a nanometric area near the surface.
Previous approaches lacked the contrast to resolve the intricate features of this process due
to the rapid decay of the charge-induced fields following electron cloud expansion.

Here, we present ultrafast 4D-STEM of photoemission dynamics, creating a
spatiotemporal movie of the nano-plasma field via field-induced elastic beam deflections. We
use a model photoemission system - a bulk Cu surface [1] (Fig. 1A and 1B). We further
compare our approach to STEM-EELS (Fig. 1C-E), finding that 4D-STEM remains sensitive
to photoemission dynamics at lower pump fluences and later time delays (25 ps vs. only 2 ps),
persisting several micrometers from the surface and revealing the long-time charge-cloud
evolution. This improved sensitivity likely reflects the fact that 4D-STEM directly probes the
electric fields, whereas inelastic scattering is sensitive to the faster-decaying current density
generated by the moving charges. These results suggest that ultrafast 4D-STEM can access
intricate ultrafast dynamics down to individual charges and novel effects like carrier cooling.
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