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Increasing the Resolution of Transmission Electron Microscopy
by Computational Ghost Imaging
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By means of numerical simulations, we demonstrate the innovative use of computational ghost imaging
in transmission electron microscopy to retrieve images with a resolution that overcomes the limitations
imposed by coherent aberrations. The method requires measuring the intensity on a single pixel detector
with a series of structured illuminations. The success of the technique is improved if the probes are made to
resemble the sample and the patterns cover the area of interest evenly. By using a simple 8 electrode device
as a specific example, a twofold increase in resolution beyond the aberration limit is demonstrated to be

possible under realistic experimental conditions.
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Transmission electron microscopes allow for imaging
with high lateral resolution. Unlike light microscopes, the
main resolution-limiting factor is not the probe wavelength
but aberrations. Since the time of Scherzer [1], it has been
known that a system of rotationally symmetric lenses has
unavoidable positive spherical aberration (Cs), which can
be compensated by a complex system of additional lenses
and multipoles [2—4]. These aberration correctors can now
be used to correct aberrations up to 6th order and are
considered to be mandatory, albeit expensive, tools [5].

However, if the imaging system is coherent, then no
information is lost due to aberrations and the retrieval of a
high-resolution image of the sample is still possible by
using computational procedures, such as holography [6,7],
focal series reconstruction [8—10], the transport of intensity
equation [11], and ptychography [12—14]. The resolution of
ptychography does not depend on the probe size, which is
usually defocused intentionally [15]. Instead, it results from
the collection of diffraction from the sample over a large
angular range, followed by retrieval of the phase using
inverse methods [14,16,17]. The most spectacular success
of ptychography is the achievement of 0.2 A resolution,
with the main limiting factor being atomic thermal
vibration [18].

Techniques that are referred to as computational ghost
imaging [19,20] (CGI) and single pixel imaging [21] follow
a complementary approach, which has been explored
thoroughly in light microscopy [22-30]. Without using a
camera, spatial information is inferred through structuring
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of the probing beam and the massive use of computation. A
single-pixel bucket detector integrates the transmitted or
reflected intensity signal generated by interaction of the
sample with each unique pattern in a series of known
different structured illuminations. CGI is then used to
retrieve the sample transmission function computationally.

Each technique that makes use of correlation between the
probe shape and the recorded intensity can be considered as
a form of CGI, even conventional scanning transmission
electron microscopy (STEM). STEM involves the use of a
series of trivially structured (pointlike) illuminations and
the collection of scalar signals using single pixel detectors,
such as bright-field and annular dark-field (ADF) detectors.
The added value of CGI is that it potentially encompasses
not only the elastically scattered ADF signal, but also a
variety of other single pixel signals, such as energy
dispersive x-ray, electron energy-loss and cathodolumines-
cence signals. For each of these signals, CGI can be used to
overcome the aberration-limited resolution by incorporat-
ing aberrations in the structuring of the probe and, con-
sequently, in the reconstruction scheme.

Unfortunately, electron CGl is still at an early stage [31],
largely due to the difficulty of tuning the electron wave
function arbitrarily. Electron spatial modulators that can be
used to control amplitude and phase freely have so far only
been demonstrated for specific conditions and with limited
scope [32-35].

In a recent paper [36], we demonstrated experimentally
that a microelectromechanical systems (MEMS) based
electron modulator can be used to provide, in its far field,
a crude but effective electron modulation that can be used
for CGI. Here, we propose a new design consisting of four
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FIG. 1.

(a) Schematic representation of the electron-optical setup. (b),(d),(f) Comparison between an MoS, twisted bilayer atomic

potential, an aberration-limited STEM image, a CGI reconstruction, and (c),(e),(g) their FFTs, in which the light circle corresponds to a
semiconvergence angle of 2, while the dark circle corresponds to 4a. The scale bars are 5 A.

pairs of electrodes, which are distributed radially 90° apart
from each other. When such an electron phase modulator is
illuminated by a plane wave in the condenser system of the
TEM [Fig. 1(a)], it generates a probe in the sample plane
that can be understood as the Fourier transform of the
beam’s wave function at the device plane.

We use numerical simulations to demonstrate a reso-
lution that is comparable to Cs-corrected STEM imaging,
by using the modulator to perform CGI on an uncorrected
instrument [Figs. 1(b)-1(g)]. We simulated such a CGI
experiment for an MoS, twisted bilayer [Fig. 1(b)], in
which two MoS, monolayers are stacked on top of each
other at a 7° angle. Such a sample offers an almost
continuous range of interatomic distances and has proven
to be useful to estimate the resolution of imaging tech-
niques [37]. We assume a 300 kV microscope with
Cs = 2.7 mm which requires, under Scherzer conditions,
the use of a small aperture (¢ = 7.3 mrad), limiting the
resolution to 1.63 A, as shown in Fig. 1(d). In contrast, CGI
allows for the use of a larger numerical aperture, thereby
achieving higher resolution. In Figs. 1(f) and 1(g) we show
a CGI reconstruction computed using a 2a convergence
semiangle, providing a resolution of 0.64 A despite the
presence of aberrations. This value is comparable to the
resolution of an aberration-free imaging system with
the same semiconvergence angle. An arbitrarily large
semiconvergence angle can in fact be used, provided the
ability to predict the illumination patterns. An accurate
probe prediction is essential for future experimental reali-
zation, as discussed in the Supplemental Material [38]. A
limiting factor is coherence [38], whose damping envelope
defines the highest frequency transmitted to the structured
illumination [42,43].

In its present form, the CGI imaging scheme assumes a
linear measurement, i.e., that the measured signal 7

corresponds to the overlap integral (scalar product) between
the probe and the sample transmission object function 7. In

matrix notation, I =PT, whereTisan array containing the
N signals recorded by the single pixel detector, correspond-

ing to N different illuminations, which are gathered in P, the
array containing the intensities of the N probes. Many

algorithms exist to solve for T [44-46], some of which are
compared in the Supplemental Material [38]. Here, the
conjugate gradient descent method [45] is used.

Independently from the algorithm used, a high-quality
reconstruction is obtained more easily if the following two
conditions are met, in addition to that of linearity. First, the
illumination patterns should resemble the target to produce
higher measured intensities. Second, the illumination
intensity at the same point across different patterns should
be independently identically distributed (i.i.d). The rel-
evance of the first condition has been demonstrated by the
light optics community, who have explored the best set of
illumination patterns for specific scenes or applications
[24,47-51]. In the context of atomic resolution imaging, the
similarity condition corresponds to illumination patterns
that resemble an atomic lattice, e.g., featuring high contrast
intensity fringes. The fringe spacing has to be on the same
length scale as the interatomic distances and is conven-
tionally dictated only by the beam semiconvergence.
However, the electron modulator bias configuration allows
for further tuning of the spacing. The measured signal can
be used to quantify the similarity of the patterns with the
sample: the higher it is, the more similar they are.

The electron modulator in Fig. 1(a) is designed to achieve
this situation. Each pair of electrodes behaves as a spiral
phase plate [52-54], which is able to produce a vortexlike
phase gradient that winds ¢ times, where ¢ is referred to as
the topological charge. Interference of the vortices is
responsible for the fringe patterns. In particular, the correct
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FIG. 2. (a) Phase profile produced by the electron modulator in
a centrosymmetric condition without the effect of Cs and (c) with
Cs =2.7 mm, and (b),(d) the corresponding probe shapes;
(e) similarity between the patterns and the sample crystal
structure, maximizing the overlap. (f) ADF signal computed
using a multislice simulation plotted as a function of the overlap
of the probe with a 19.2-nm-thick Si [110] sample. The legend
gives the Pearson correlation coefficient (r).

arrangement of topological charges [38] generates a cen-
trosymmetric phase distribution [Fig. 2(a)], which causes
the probe wave function to be real valued [55,56]. The
modulator’s phase is then translated into a high frequency
intensity oscillation in the probe [Fig. 2(b)]. This behavior is
important, since phase oscillations would be of no use, as
CGI is inherently an amplitude-based technique.

The aberrations in the probe-forming lens system add up
to the phase produced by the electron modulator, implying
that the effect of the known Cs can be accounted for
by including it in the phase of the electron modulator
[Fig. 2(c)]. The presence of Cs (as well as other aberrations)
alters the shape of the patterns, but they are still charac-
terized by well-defined intensity fringes [Fig. 2(d)] and can
be used for CGI reconstruction purposes.

A CGI experiment requires a set of many patterns, whose
number is proportional to the number of pixels in the
image. Such a set was created by randomly changing the
needles’ bias in a prescribed range around the centrosym-
metric condition. Small deviations from this condition
produce deflections and stigmation of the beam, allowing
for a larger area to be covered at the cost of the formation of
caustics, which concentrate the intensity in a few points and
may hamper the reconstruction.

We defined figures of merit, which are described in the
Supplemental Material [38] and can be used to preselect an
optimal set of illumination patterns from the randomly
generated set that satisfy the conditions of i.i.d and
similarity to the sample. All of the examples of structured
illumination patterns shown in the main text and
Supplemental Material were obtained by satisfying
these conditions. We built a database comprising
200000 structured illumination patterns, sampled on a
400 x 400 point grid, which uniformly covers an area of
10 x 10 nm [38].

In this work, we assume an ADF (in particular high-
angle) detector as our single pixel detector, and that the
single pixel signal is computed as a superposition integral
between the probe intensity and the squared lattice potential
[Fig. 2(e)], which is an explicit consequence of the
incoherent nature of the ADF signal and of the fact that
we neglect, for a sample that is thin or nearly homo-
geneous, any strong dynamical effects of the probe [57].
The possible breakdown of these approximations also
affects the recorded intensity in standard STEM-ADF
imaging. We further confirmed these approximations and
the linearity of the measurement from the correlation
between the assumed single pixel signal and the ADF
signal, which we simulated using a multislice algorithm
[58,59]. Figure 2(f) shows the correlation of the two signals
for a 55 mrad inner detection semiangle and a 20-nm-thick
Si [110] benchmark sample. Here, good agreement is
shown between the intensity predicted by the multislice
algorithm and a simple linear approximation. For such high
scattering angles and low values of sample thickness, all
inelastic scattering apart from phonon scattering can be
neglected [60]. Inelastic scattering originating from plas-
mon losses does not, in fact, contribute strongly to the
signal, but mainly to a small absorption effect that does not
affect the CGI reconstruction significantly.

Even though linearity is verified up to a thickness of
~20 nm, in this Letter we limit ourselves to a bilayer
sample, for which the linearity approximation is satisfied
more easily. The signal is simulated for different beam
currents in the range 5-1000 pA and a dwell time per
pattern of 100 ps. We also assume that the ADF detector
has a quantum efficiency of 1, which is not an extreme
approximation for modern ADF detectors, leaving counting
noise as the only source of noise in the system.

Figure 3(a) shows reconstructed sample images for
different sampling ratios (SRs), i.e., the ratio between
the number of measurements and the number of pixels
in the image, for three beam currents.

In order to quantify the reconstruction accuracy, we
make use of the cross-correlation coefficient defined by
Thust and Urban [61] averaged over the entire image (cc),
as reported in Fig. 3(b). The cc values range between 0 and
1, where cc = 0 refers to zero correlation between the
reconstructed image and the reference image and cc = 1
refers to a perfect match.

In general, CGI suffers in the low current regime from
the well-known sensitivity of CGI to noise [62,63].
Increasing both the SR and the beam current improves
the reconstruction quality. Interestingly, it is possible to
achieve the same reconstruction quality by using either a
high SR and a low current or a low SR and a high current,
as shown in the form of a comparison between 25 pA at
125% SR in the top right corner and 300 pA at 25% SR in
the lower left corner, both of which lead to high quality
images. Even though these currents are higher than those
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FIG. 3.

used in typical high-resolution STEM experiments [64], the
total electron dose can be contained since the
reconstruction can be achieved with low SRs.

In conclusion, our numerical simulations show that CGI
can be used to overcome the resolution limit imposed by
the aberrations of the imaging system in a transmission
electron microscope, thereby potentially eliminating the
need to use an expensive aberration corrector. We propose
the use of a MEMS-based electron modulator to produce
illumination patterns that resemble a lattice structure. When
used with an ADF single pixel detector, this scheme allows
for the quantitative imaging of thin crystalline samples
with a resolution that is comparable to ptychographic
reconstruction.
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