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Direct electron detectors (DED) are now able to image biological specimens with higher resolution than
x-rays—and are enabling new materials imaging techniques such as 4D-STEM. Limitations imposed by
semiconductor manufacturing processes, where consumer electronics dominate device chip surface area,
reduce the available space for DED pixels. To push beyond the physical pixel, sub-pixel super-resolution
is necessary. We explore the prospects for sub-pixel super-resolution through electron counting as a
function of diode depth, pixel pitch, and beam energy. For most energy ranges of interest to electron
microscopists, energy is deposited as a string of charge across multiple pixels. We use machine learning
to identify the start of the string, determining the true entry point of an electron with greater success than
existing electron counting statistics.

To test the effectiveness of different electron counters across beam energies and DED architectures (Fig.
1a), we feed the electron counter virtual detector readouts. Three electron counters are tested: the
maximum intensity (peak) pixel; the center of mass (mean) point; and a convolutional neural network with
a rectified linear unit (ReLU). We simulated primary beam energies from 30 to 5,000 keV for silicon and
germanium diodes, with pixel pitches from 1 to 500 pm and diode depths from 10 to 1,000 um. Electron
paths are generated through an electron Monte Carlo method [1] with relativistic corrections [2] (Fig. 1b),
then projected into a range of virtual detector pixels. The root mean squared error between the true entry
point and the counter’s guessed entry point is used as a metric of performance. The simulations are
performed, assuming a perfect signal with no additional noise, to test the maximum capability of counter
performance.

Super-resolution counting is effective up to 300 keV for a 500 pum diode as in the PAD [3], and up to 100
keV for shallower diode depth of 50 um as in a MAPS [4]. The machine learning model has great
performance with a training dataset of significantly smaller size than a typical 4D-STEM dataset (Fig 2a).
Similar trends for all counters are observed with respect to beam energy, pixel pitch, and diode depth (Fig.
2b). The electron counters are generally most dependent on diode depth for performance, followed by
beam energy. There are three regions of dependencies on diode depth: a barreling region for backthinned
diodes where the electron passes straight through; a peak error region where the electron path is cut off
but given sufficient time to wander; and a region where the full point spread function is captured. A single
path projected onto pixels (Fig. 2c) is sparsified to a single-entry coordinate through all electron counters.
In general, tracking the peak-energy pixel has the highest error, closely followed by center of mass. Our
machine-learning-based electron counting algorithm has the highest performance. By combining machine
learning with a deep diode, a counting mode via integration is achieved. [5]
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Figure 1. (a) Detector geometries for PAD (left) and MAPS (right) with distinctly different diode depths.
Diodes are shaded red, while readout electronics are highlighted in black. (b) Monte Carlo simulations of
electron paths (only 1000 shown) at varying beam energies. With higher energy, the electron has greater
capability to travel far from where it started. The top row contains a projected side view of the electron
paths incident on the surface, while the bottom row is a plan view projection. Red dots indicate electron
entry points.
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Figure 2. (a) Error with respect to energy for three different detector geometries. Pixel pitch is shown as
a silver horizontal line, in each plot labeled by a diode depth. Super-resolution regimes are shown, as the
regions where the error is less than the pixel pitch. The training and test performance of the machine-
learning-based electron counter is shown, in comparison to the peak pixel calculated simultaneously. (b)
Data cube illustrating normalized error dependencies on pixel pitch, beam energy, and diode depth; slices
of the center of mass data show great dependency on diode depth followed by beam energy. (c) A single
electron path with its overlaid detector readout, at 300 keV in a 500 um deep diode with 50 pum pitch. The
summation of all pixels is the energy of the incident electron, for sufficient diode depth. Different counting
metrics for this particular path are labeled.
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