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Advances in spherical aberration correction of the scanning transmission electron microscope
(STEM) have led to a reduced depth of field of the STEM probe [1]. This has made it possible to
form a 3D dataset by the stacking of 2D images collected at a sequence of depth intervals through the
sample thickness. Each 2D image contains the signal from objects at its corresponding depth within
the sample and also the out-of-focus signals from the adjacent images (above and below). A similar
effect occurs in widefield fluorescence light microscopy, where the effect is corrected for by
applying a deconvolution algorithm, of which several variants exist. We discuss modification of the
Expectation-Maximization deconvolution procedure originally developed for light microscopy [2],
and its subsequent application to 3D STEM.

In widefield light microscopy the emission and detection of photons can be modeled using Poisson
statistics. The Expectation-Maximization algorithm maximizes the likelihood function of the
restored image from the acquired image, given a known point spread function (PSF), and assuming
Poisson emission and detection statistics. The algorithm can also be modified to estimate the PSF
along with the restored image (blind deconvolution) [2]. Several constraints are used to ensure the
algorithm converges to a realistic solution: the restored image is forced to be non-negative; an
hourglass spatial constraint based on system optics is applied to the PSF in the spatial domain; the
frequency response of a diffraction-limited system is zero outside of radial and axial bandlimits and
within a biconic missing cone region [3]. Thus, a bandlimit and missing cone constraint are applied
to the PSF in the frequency domain. Since 3D STEM is similar to 3D widefield light microscopy [4]
a similar set of constraints can be used.

For 3D STEM, there are several additional factors that need to be taken into account. For the typical
magnifications used to image a biological sample, the sample is under-sampled in the lateral
direction since the resolution of an aberration corrected STEM is <0.1 nm, i.e., the pixel size is larger
than the probe size [4]. This means that each pixel in a vertical line receives the same number of
electrons until the beam becomes larger than a pixel and the effective axial resolution is reduced by
the quotient of the pixel size and the probe size. The beam opening angles commonly used are only
several tens of milliradians, so the missing cone region in the frequency domain and the axial extent
of the PSF are both large. Furthermore, chromatic aberration and beam energy-spread will also
reduce the axial resolution [5]. Finally, scan distortions will occur when changing the focus position
away from the eucentric height. We examined application of the existing deconvolution algorithm
taking each of these factors into account.
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The performance of the deconvolution algorithm was evaluated using conventional thin sections
containing biological specimens stained by metal particles [4]. The presence of individual grains of
staining of known object shape (and additionally, gold particles of known shape) made it possible to
solve for the PSF. We extracted a measured PSF from objects of known size and shape from a small
sub-region of the acquired image and used this measured PSF to deconvolve the entire image. A
comparison between three variations of the algorithm was performed, i.e., deconvolution using the
measured PSF, deconvolution using a theoretically generated PSF, and blind deconvolution. To
illustrate the deconvolution algorithm applied to 3D STEM, the results of applying the blind
algorithm to a 3D image data-set is shown in Fig. 1. The data was recorded with an aberration-
corrected STEM at 200 kV (JEOL 2200FS STEM/TEM equipped with a CEOS aberration corrector)
from a position where the sample has a bundle of microtubules and gold particles at different depths.
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FIG. 1. a) A slice of a 3D STEM data set containing microtubules also contains out of focus signal
from gold particles. b) After deconvolution of the out-of-focus signal from the gold particles is not
present in the plane containing microtubules. c¢) Similarly after deconvolution the plane containing
gold particles (varying 70 nm in focus) does not show strong signal from the microtubules.

https://doi.org/10.1017/51431927609093532 Published online by Cambridge University Press


https://doi.org/10.1017/S1431927609093532



