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            Abstract
Aberration-corrected optics have made electron microscopy at atomic resolution a widespread and often essential tool for characterizing nanoscale structures. Image resolution has traditionally been improved by increasing the numerical aperture of the lens (α) and the beam energy, with the state-of-the-art at 300 kiloelectronvolts just entering the deep sub-ångström (that is, less than 0.5 ångström) regime. Two-dimensional (2D) materials are imaged at lower beam energies to avoid displacement damage from large momenta transfers, limiting spatial resolution to about 1 ångström. Here, by combining an electron microscope pixel-array detector with the dynamic range necessary to record the complete distribution of transmitted electrons and full-field ptychography to recover phase information from the full phase space, we increase the spatial resolution well beyond the traditional numerical-aperture-limited resolution. At a beam energy of 80 kiloelectronvolts, our ptychographic reconstruction improves the image contrast of single-atom defects in MoS2 substantially, reaching an information limit close to 5α, which corresponds to an Abbe diffraction-limited resolution of 0.39 ångström, at the electron dose and imaging conditions for which conventional imaging methods reach only 0.98 ångström.
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                    Fig. 1: STEM imaging using the EMPAD.[image: ]


Fig. 2: Comparison of different imaging techniques using 4D EMPAD dataset measured from monolayer MoS2.[image: ]


Fig. 3: Real-space resolution test of full-field ptychography using twisted bilayer MoS2.[image: ]


Fig. 4: Ptychographic reconstructions using data with different cutoff angles.[image: ]


Fig. 5: Simulation study of full-field ptychography as a function of cutoff angle and beam current.[image: ]


Fig. 6: Comparison between ptychographic techniques and low-angle ADF imaging at low electron doses.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Position-averaged diffraction pattern of the 4D dataset from monolayer MoS2.
a, Position-averaged convergent beam electron diffraction (CBED) pattern from the 4D dataset from monolayer MoS2. b, Radially averaged intensity distribution (on a logarithmic scale) of the CBED pattern, showing the dynamic range spanned by the scattering distribution.


Extended Data Fig. 2 Line profiles through atom pairs in the twisted bilayer MoS2.
Line profiles are from atom pairs in Fig. 3, with the respective subregions shown on the left. a–c, The measured peak–peak separations between two atoms are 0.42 ± 0.02 Å (a), 0.61 ± 0.02 Å (b) and 0.85 ± 0.02 Å (c).


Extended Data Fig. 3 ADF image and line profiles through atom pairs in the twisted bilayer MoS2.
a, ADF image synthesized from the 4D diffraction dataset. b, Phase of the transmission function reconstructed by ptychography. The yellow marker indicates a pair of atoms that is predicted to have a separation of 0.2 Å on the basis of the structural model, but cannot be resolved explicitly in our reconstruction. For a more detailed comparison, a red box is placed over corresponding regions in a and b. c, Enlarged image of the red boxed region in b, with the false colour scale of Fig. 3. d, Line profiles across the atom pairs labelled with dashed lines in c. The peak–peak separations are overlaid near the line profiles.


Extended Data Fig. 4 Reconstructed amplitude and phase of monolayer MoS2 at different cutoff angles.
Both the amplitude (left panels) and phase (right panels) of the reconstructed transmission function show the atomic structure of monolayer MoS2. Image resolution improves as the cutoff angle increases. Amplitude modulations are relatively weak, deviating by only a few per cent from a pure phase object (that is, an object function with unit amplitude).


Extended Data Fig. 5 Comparison between ptychography techniques and low-angle ADF imaging of graphene.
a, b, Ptychographic reconstructions of simulated data with an in-focused probe, using the WDD (a) and ePIE (b) methods. c, Low-angle ADF (integrating from 1α to 4α) reconstruction using the same simulated datasets. Both ptychographic methods show similar reconstructions and are about 10 times more dose-efficient than the low-angle ADF technique. Beam energy, 80 keV; aperture size (α), 21.4 mrad.


Extended Data Fig. 6 Influence of scanning drift and contamination.
a–c, ADF image (a), iCoM image (b) and phase of transmission reconstructed by full-field ptychography (c) using 128 × 128 diffraction patterns, covering a field of view of 2.7 nm × 2.7 nm. The ADF and iCoM reconstructions both suffer from stripe artefacts and large contrast variations. In the ptychographic reconstruction, scanning drift distorts and blurs reconstructed atoms in the vicinity of the scan distortion, but the overall resolution away from the distortion remains higher than the other imaging modes.


Extended Data Fig. 7 Effect of dose and cutoff angles on ptychographic reconstructions of monolayer MoS2 using simulated diffraction patterns.
At high beam current, the resolution of the ptychography reconstruction is fundamentally determined by the collection angle of the detector. As the beam current decreases, the resolution becomes dose-limited and noise artefacts start to appear in the ePIE reconstruction. Beam energy, 80 keV; aperture size (α), 21.4 mrad.


Extended Data Fig. 8 Effect of chromatic aberrations at different electron doses for ptychographic reconstructions of monolayer MoS2 using simulated datasets at 80 keV.
Two convergence semi-angles are shown, 21.4 mrad (left two columns) and 35 mrad (right two columns), representing conditions under which chromatic aberrations have moderate and large effects on the incident probe shape, respectively (Cc = 1.72 mm, ΔE = 1.1 eV). 21.4 mrad is also the experimental convergence angle. The incident electron dose levels are an infinite dose (top row), the experimental dose of 1.16 × 105 electrons per Å2 (middle row) and a low dose of 104 electrons per Å2 (bottom row). In the presence of noise, chromatic aberrations degrade the phase range of the reconstruction compared with the achromatic data. The data for the larger convergence semi-angle are more strongly affected. At infinite and experimental doses, ptychographic reconstructions with and without chromatic aberration are visually similar for both convergence angles. At low dose and with chromatic aberration, the reconstructed atoms are broadened, and distinct artefacts appear for a convergence angle of 35 mrad.





Supplementary information
Video 1: Evolution of unit-cell averaged diffraction patterns at various scan positions.
The left panel shows a synthesized ADF image from a unit-cell averaged 4D dataset, and the right panels show the averaged diffraction patterns from the scan positions marked with the red circle on the left ADF image. The intensity of the diffraction patterns are displayed on a linear scale to show variations in the centre disk (upper right panel) and a logarithmic scale to show variations in the weaker the dark field disks (lower right panel), respectively.


Video 2: Evolution of raw diffraction patterns at various scan positions.
The left panel shows a synthesized ADF image from a raw 4D dataset, and the right panels show the diffraction patterns from the scan positions marked with the circle on the left ADF image. The intensity of the diffraction patterns are displayed on a linear scale to show variations in the centre disk (upper right panel) and a logarithmic scale to show variations in the weaker the dark field disks (lower right panel), respectively.
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