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In a scanning transmission electron microscope (STEM), producing a high-resolution image generally requires
an electron beam focused to the smallest point possible. However, the magnetic lenses used to focus the beam
are unavoidably imperfect, introducing aberrations that limit resolution. Modern STEMs overcome this by
using hardware aberration correctors comprised of many multipole elements, but these devices are complex,
expensive, and can be difficult to tune. We demonstrate a design for an electrostatic phase plate that can act
as an aberration corrector. The corrector is comprised of annular segments, each of which is an independent
two-terminal device that can apply a constant or ramped phase shift to a portion of the electron beam. We
show the improvement in image resolution using an electrostatic corrector. Engineering criteria impose that
much of the beam within the probe-forming aperture be blocked by support bars, leading to large probe tails
for the corrected probe that sample the specimen beyond the central lobe. We also show how this device can
be used to create other STEM beam profiles such as vortex beams and beams with a high degree of phase
diversity, which improve information transfer in ptychographic reconstructions.

Keywords: scanning transmission electron microscopy, aberration correction, phase plate, simulation, 4D-
STEM

Introduction

Across biological and physical sciences, understanding
material systems often requires precise characterization
down to the nano or atomic scales. Scanning
transmission electron microscopy (STEM) is a key tool
to fulfill such requirements, as it has a small probe size
that can be used for directly imaging structures and
mapping of chemical and physical properties. In STEM,
resolution is typically limited by spherical aberrations
of the probe-forming lenses. These aberrations are
unavoidable and intrinsic to the microscope design –
Scherzer’s theorem states that a static, rotationally
symmetric magnetic field will always produce spherical
aberrations greater than zero. However, Scherzer also
pointed out that the resolution can be improved, despite
these parasitic aberrations, by balancing defocus and
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spherical aberrations (Scherzer, 1936).

The importance of improving resolution in STEM
by limiting aberrations has inspired a series of
computational and physical advances that led to the
design of multipole aberration correctors (Rose, 2009;
Smith, 2008; Urban et al., 2022). Nowadays, these
correctors have become more widespread, and researchers
are routinely able to reach atomic resolution (Batson,
Dellby, and Krivanek, 2002; Dahmen et al., 2009;
Urban et al., 2022). Nonetheless, these devices can
be expensive and complicated to operate, and there
have been continued efforts to find alternative means for
aberration correction. Linck et al. (2017) incorporated
a diffraction grating into the probe forming aperture of
STEM such that the spherical aberrations were canceled
in the first-order diffracted beam. Similarly, Roitman
et al. (2021) used a thickness-dependent phase shift of
silicon nitride thin-films to sculpt a phase plate that acts
as an aberration corrector. These simpler devices helped
to overcome some of the limitations of conventional
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FIG. 1. (A) An electron beam is phase shifted when passed through an electrostatic potential. (B) A series of two-terminal
devices can be arranged into a larger phase plate, where the potential in each aperture is tuned independently. Red and yellow
lines in (A) and (B) denote terminals. (C) A potential difference between two terminals adds a linear phase ramp, which can
be used to correct spherical aberrations. (D) The device is inserted in the probe forming aperture of the STEM to modify
the electron beam before interaction with the sample and is compatible with imaging, diffraction, spectroscopy, and 4D-STEM
experiments.

aberration correctors, but deploying physical phase
plates is still challenging in practice (Malac et al., 2021).

Programmable electrostatic phase plates, as
demonstrated in an electron microscope by Verbeeck
et al. (2018), are an exciting platform for direct control
over the electron beam profile. The phase plate has
multiple smaller apertures with individual voltage
control, so each section has a different phase that can
independently impart a shift on the electron beam before
interaction with the sample. This concept allows for
remarkable spatial control over the electron beam and
can be tuned while inserted in the microscope. This
approach to beam sculpting was proposed for aberration
correction (Verbeeck et al., 2018), and further considered
by Vega Ibáñez, Béché, and Verbeeck (2023). These
studies showed that a two terminal device is better
than a one terminal device for aberration correction
because a linear phase ramp can more readily match the
aberration function profile with fewer apertures. In a
follow-up work, Vega Ibáñez, et al. extended their design
to include two terminals with independent voltages,
in order to impart phase ramps to the electron beam
(Vega Ibáñez, Béché, and Verbeeck, 2023), following
earlier designs such as Boersch (1947); Matsumoto and
Tonomura (1996); Schultheiss et al. (2006).

In this work, we consider the implementation of a
programmable phase plate (Fig. 1) and its impact on
material characterization in light of realistic experimental
constraints. We highlight the benefits of using such a
device both for improving the STEM probe size and the
limitations of this approach, mostly arising from the large

probe tails due to architectural aperture supports. We
illustrate how the programmable phase plate lends itself
to the creation of other beam profiles. For example, we
show how a programmable phase plate can be used to
make a vortex beam or to impart phase diversity in the
probe for better ptychographic reconstructions.

Theory

Here we optimize the programmable phase plate
for aberration correction. Including only spherical
aberrations and defocus, the aberration function can be
written as

χ(q) =
π

2
C3λ

3q4 + πC1λq
2, (1)

where λ is the de-Broglie wavelength of the electron, C3 is
the 3rd order spherical aberration coefficient, and q is the
spatial frequency. C1 = −∆f , where ∆f is the defocus.
Examples of aberration functions for a microscope with
and without defocus to balance the spherical aberrations
are shown in Fig. 2A. In STEM, the optimal conditions
deviate slightly from the Scherzer conditions in TEM,
as it is important to balance probe size with probe
tails. Kirkland (1998) defines the best probe for STEM
with the following equations:

C1 = −0.87(C3λ)1/2 (2)

qmax = 1.34(C3λ
3)−1/4. (3)
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FIG. 2. (A) Aberration functions for STEM probes which contain C3 spherical aberrations either with (Scherzer) and without
defocus and (B) resulting CTFs and (C) cumulated probe intensity. C1 can balance the C3 aberrations to make a smaller
probe. (D) Aberration functions and corrector profiles and residuals either (E) without and (F) with defocus. Adding C1 helps
extend the qmax of the device leading to a better (G) CTF and (H) probe profile.

In Fig. 2A-C, we are plotting simulations at 60kV with
a maximum scattering angle of 0.21Å−1. More details
about simulations throughout the study can be found
in the methods section. We use simulations to study
the changes to the profile of the probe with aberrations,
both with and without a corrector. In reciprocal
space, we can evaluate the efficacy of the transfer of
information for various spatial frequencies by computing
the contrast transfer function (CTF). The CTF is the
Fourier transform of the normalized magnitude squared
of the complex real space probe (Goodman, 2005).
The CTF of an unaberrated lens has a value of 1 at
zero spatial frequency and linearly decreased to zero at
the spatial frequency corresponding to twice the semi-
convergence angle of the probe (Fig. 2B). We observe
that by balancing our spherical aberrations with defocus,
using the Scherzer condition in Eq. 2, the contrast
transfer of information approaches the ideal profile. The
maximum q or spatial frequency of information transfer
corresponds to when the curve reaches CTF=0, and the
deviations from the ideal profile show a loss of efficiency.

There are also many heuristics for evaluating real space
probe size that capture not only the radius of the
central lobe but also the probe tails, which contribute
parasitically to image contrast and resolution. Metrics
that highlight information about the central lobe include
the probe full width at half maximum and the radius
containing 50% of current (Kirkland, 1998). Amplitude
plates are known to create longer probe tails, so previous
work describing bullseye-patterned apertures defined
the STEM probe size as the radius containing 80%
of the total probe intensity (Zeltmann et al., 2020).
Finally, Schnitzer, Sung, and Hovden (2020) used the
Strehl ratio, the ratio of peak intensity between an
aberrated and non-aberrated probe, to account for probe
size. The real space probe profiles of the same probes
are shown in Fig. 2C. Again, we observe how balancing
the spherical aberrations with defocus can improve the
probe size.

Our design for a corrector is based on a two-terminal
device, as shown in Fig. 1A, which will be used to create
a local electric field across an aperture. A group of
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FIG. 3. Two possible designs for the aberration corrector are
with a (A) blocked or (B) open center. The (B) open center
design accommodates only a one terminal device in the central
aperture limiting flexibility. (C) Color legend for (A) and (B)
and other probes in the paper. The (D) CTF and (E) probe
profiles for the two designs are similar.

these apertures can be patterned into an electrostatic
phase plate (Fig. 1B). Further, these apertures will have
a linear phase profile, which can be used to approximate
segments of the spherical aberration function to correct
the probe (Fig. 1C). This phase plate will be inserted in
the probe forming aperture of the microscope to modify
the electron beam before interaction with the sample as
shown in Fig. 1D.

In order to correct aberrations, our target corrector
function should contain linearly ramping phase profiles
that closely match the aberration function of the probe,
with a negative sign to cancel these aberrations out. The
phase error tolerance of the design determines how far
out of phase electrons can be after they are corrected.
Here, the tolerance is set as π/4 following conventional
aberration correction criteria (Kirkland, 1998; Weyland
and Muller, 2020). Balancing spherical aberrations
with defocus, we can minimize the curvature of the
aberration function before applying the correction to
improve the performance of the device. Starting with
no defocus, we show the fit aberration function (Fig. 2D)
and the residuals of a corrector (Fig. 2E). We plot the
corresponding curves in Fig. 2D&F for a corrector that
includes defocus. Using a realistic crossbar width in the
calculation, we can extend our maximum scattering angle
from q = 0.37Å−1 to q = 0.43Å−1 by adding defocus.
Note that both of these are larger maximum scattering
angles than could be achieved with the ideal Scherzer

condition alone (0.21Å−1).

Fig. 2G shows the same Scherzer probe as in Fig. 2B for
reference. We can compare this profile to the corrected
probes. At lower spatial frequencies, the corrected
probes both are less efficient than the Scherzer probe.
However, the corrected probes reach a higher maximum
spatial frequency, which means that they will improve the
resolution of the microscope. The programmable phase
plate that includes defocus achieves higher resolution,
due to the overall more linear aberration surface.
Similarly, Fig. 2H shows the improved real space profiles.
Although the central lobe is much smaller, the corrected
probes have larger tails, as evident in the radii containing
more than 95% probe intensity.

The design of the aberration corrector plates resembles
the device shown in Fig. 3A. An ideal corrector would be
free of cross bars and support rings, but such a design is
not physically realizable. The fill factor is defined as:

fill factor =
unblocked area

blocked + unblocked area
. (4)

A smaller fill factor will mean more of the electron
beam is blocked. The cross bars were chosen to have
8-fold symmetry for more facile fabrication, but other
support designs are possible. These parameters will
ultimately depend on the physical size of the device and
the resolution of the fabrication technique.

Fig. 3A shows the overall schematic of our design.
Red and yellow lines indicate (+) and (–) terminals,
and the black support bars are insulating. Comparing
Figs. 3A&B highlights a key design choice in our
programmable phase plate. In Fig. 3A we block the
center of the phase plate, which means that every
aperture can have two terminals. By comparison, the
design in Fig. 3B has an open aperture in the center
with a single electrode, as two electrodes in this circular
aperture could not create a linearly ramping profile.
The blocked center is the preferable choice, as it allows
for more control over the electron beam profile. The
color legend for this figure and the other probe plots
throughout the paper is shown in Fig. 3C, and it
shows that designs in both Figs. 3A&B can largely
remove aberrations in the probe. Figs. 3D&E show the
corresponding CTF and radial probe profiles for these
two devices, illustrating the same degree of correction.

Next, we consider two approaches for determining the
width of each aperture for the corrector: (1) evenly
spaced apertures and (2) adaptively spaced apertures.
Evenly spaced apertures were designed such that all the
aperture widths are the same. The size of the device is
increased until the corrected phase profile in any aperture
reaches the tolerance of π/4. The aberration function
and residuals for this method are plotted in Figs. 4A&B
respectively. For adaptively spaced apertures, the width
of each ring is determined independently, and its size is
maximized such that the corrected phase profile in any
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FIG. 4. (A) Aberration function and corrector profile and residuals for (B) even and (C) adaptively spaced design. The
adaptively spaced design leads to a higher qmax. (D) Both can be optimized by starting at 0 defocus and decreasing until the
first maximum is reached. (E) As the number of rings is increased, so is the qmax. (F) As the number of rings is increased the
radius containing 50% of the probe decreased due to the improve resolution for both the evenly and adaptively spaced correctors.
The radius containing 95% of the probe is worse in the evenly spaced corrector. (G) Probe tails are more problematic as the
fill factor is increased.

FIG. 5. Probe profiles of the (A) Scherzer condition and corrected probes with the (B) evenly spaced and (C) adaptively spaced
phase plate. The corrected probes have a smaller central lobe but modes above and below the plane of the sample that also
sample the specimen. (D) 50% and (E) 95% probe profiles show long tails for the corrected probes.

aperture is within the tolerance of π/4 (Figs. 4A&C).
Comparing the residuals in Figs. 4B&C we see why the
adaptive corrector is the better choice. For the same
number of rings, we achieve a higher maximum scattering
angle.

Fig. 4A highlights that the optimal defocus is not
the same for these two designs, leading to different
aberration function profiles. The challenge of finding the
optimal defocus is difficult to solve analytically. This
is especially true in the adaptive corrector cases, as
the profile of maximum achievable scattering angle for
various focus values oscillates. The optimal defocus for
these devices was determined by starting at C1 = 0
and progressively updating the defocus and calculating
the maximum scattering angle. Once we reach a local

maximum in scattering angle, we defined the best defocus
and aperture size based on this maximum (Fig. 4D).
Fig. 4E shows the maximum achievable scattering angle
for both approaches for different numbers of rings. With
one ring, these two approaches yield the same degree
of correction. However, for more rings, the adaptive
corrector consistently performs better.

We next evaluate the parasitic contributions of probe
tails for the two approaches. Fig. 4F shows the
radii containing 50% and 95% of the cumulated probe
intensity. The 50% radius most closely corresponds to
degree of correction or attainable resolution. As we add
more rings to the corrector, we reach a higher scattering
angle of corrected electrons, so the real space probe
size improves. The adaptive corrector shows improved
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resolution over the evenly spaced corrector. The 95%
intensity shows another challenge with the evenly spaced
corrector, namely broader probe tails. For a 4-ring
device, we can plot these same metrics against fill factor
using Eq. 4. As the fill factor gets lower the resolution
stays nearly constant (50% intensity), while the probe
tails, as represented by 95% intensity, increase.

To understand the limitations of the programmable
corrector, we can also look at the profiles of the probes
in real space. Fig. 5 shows the profile of the probe
along electron beam propagation axis for (1) a Scherzer
condition probe according to Eq. 2, (2) an evenly spaced
corrected and (3) adaptively spaced corrected probe in
A-C respectively. The 50% and 95% radial profiles of
these probes are plotted in Fig. 5D&E as well. While the
corrected probes are much narrower, indicating a state of
aberration correction, they have modes above and below
the sample plane, which are similar to x-ray beam profiles
in Fresnel zone plate experiments (Attwood, 2000).
These extra modes would probe specimen information
above and below the sample, which is an especially
important consideration for thicker samples.

Fig. 6 explores the performance of the device at
various accelerating voltages at two values for spherical
aberration: 1.3mm, which is the range of spherical
aberration coefficients for a high voltage S/TEM (Hong
et al., 2021) and 5mm, which is closer to the range for a
low voltage Scanning Electron Microscope (SEM) (Zach
and Haider, 1995; Joy, 2008). The horizontal dashed
lines represent the qmax achievable with balancing C1

(Eq. 2), while the solid profiles show the maximum
achievable qmax for an adaptively spaced corrector of
various number of rings. This figure underscores the
choice of 60kV as a goal for achieving atomic resolution.
At 300 kV, the qmax is approaching 0.5A−1, which would
provide excellent atomic resolution imaging.

We also consider the possibility of using this type of
corrector for an SEM. The results in Fig. 6 suggest
that although it may be possible to approach atomic
resolution at 20kV and 5kV with a programmable phase
plate, it would require many more apertures than at
60kV, making the implementation of a programmable
phase plate for aberration correction in an SEM
challenging. Moreover, despite the spherical aberrations
in an SEM being higher than in a STEM, the chromatic
aberrations are more problematic. Thus there may be
other challenges to achieving atomic resolution which this
electrostatic phase plate corrector cannot address (Zach
and Haider, 1995; Joy, 2008).

Methods

Unless otherwise noted, theory simulations are at 60kV
accelerating voltage with a C3 of 1.3mm. Low voltage
S/TEM (60kV) is intrinsically lower in resolution than
higher voltage experiments, creating more incentive
for aberration correction. This spherical aberration

FIG. 6. Simulations of maximum scattering angle as a
function of the number of rings for different voltages with
(A) 1.3mm C3 and (B) 5mm C3 aberrated probes.

coefficient was chosen based on realistic microscope
parameters (Hong et al., 2021).

The graphene and silicon structures for these simulations
were built from files available through the Materials
Project (Jain et al., 2013). STEM simulations were
performed using the abTEM (Madsen and Susi, 2021)
multislice code based on methods laid out by Kirkland
(1998). Because two-dimensional materials need a
high number of frozen phonon (FP) configurations to
converge (DaCosta et al., 2021), twisted graphene bilayer
simulations were run with 50 FPs, while tetracutinase
and Si simulations were run with 12 FPs, and the
standard deviation of the displacement was 0.1 Å. For
the Moiré and Si simulations, the dark field detector
was integrated from 80-135 mrad. Dark field (DF) and
differential phase contrast (DPC) reconstructions were
performed in abTEM.

Simulations of tetracutinase (Parker et al., 2022) were
performed in abTEM. The probe was defocused to about
10 nm, and 4D datasets were simulated with a 1 nm step
size to ensure sufficient probe overlap. Poisson noise was
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added to simulate a dose of 500 e−/Å2. Ptychography
refers to a family of phase retrieval techniques, where the
phase of the sample and the probe are reconstructed from
4D-STEM datasets. Ptychographic reconstructions used
the regularized ptychographic iterative engine algorithm
as implemented in abTEM (Maiden, Johnson, and Li,
2017). 15 iterations were run with a step size of 0.1.

The Fourier Ring Correlation (FRC) is used to
compute spatial frequencies transferred in image
reconstructions (Van Heel and Schatz, 2005; Banterle
et al., 2013).

FRC(r) =

∑
ri∈r F1(r) · F2(r)∗√∑

ri∈r F
2
1 (r) ·

∑
ri∈r F

2
2 (r)

, (5)

where F1 and F2 are the Fourier transforms of two
real space reconstructions and ∗ denotes the complex
conjugate. Four reconstructions were calculated for each
condition, and the FRCs were averaged to improve signal
to noise. The half bit criteria define the signal to noise
ratio at a given frequency, and the first intersection
of the half bit curve (F(r)) with the FRC(r) with
a negative slope of the difference curve defines the
resolution (Van Heel and Schatz, 2005; Banterle et al.,
2013). The half-bit criteria are defined as

F(r) =
2√

N(r)/2
, (6)

where N(r) is the number of pixels in each ring.

Results and Discussion

We use a Moiré graphene bilayer structure as a model
system to test the performance of programmable phase
plate as an aberration corrector. Fig. 7A shows a dark
field and Differential Phase Contrast (DPC) image of the
Moiré lattice under optimal conditions as described by
Eq. 2. Because of the limited resolution of the probe
in reciprocal space, it is not possible to resolve the fine
features in the twisted graphene structure. However,
Fig. 7B&C shows simulations of the same structure
with the evenly and adaptively spaced correctors. The
adaptively spaced corrector performs slightly better
than its evenly spaced counterpart, as it can reach
higher maximum scattering angles(qScherzer = 0.22Å−1,
qeven = 0.51Å−1, qadaptive = 0.63Å−1).

We compare these results to an ideal probe with qmax =
0.63Å−1 (Fig. 7D). Although the resolution is similar to
the images in Fig. 7B&C, there is stronger contrast in
the lattice. The CTFs in Fig. 2 show reduced transfer
of information with a phase plate corrector as compared
to an ideal probe, especially at low spatial frequencies,
so these images are in good agreement with the CTF
calculations.

The limitations of the programmable phase plate
approach to aberration correction are more clearly shown
with a thicker sample. In Fig. 8, we explore the impact
of aberration correction on a 20nm thick silicon sample
oriented along the [111] zone axis. Fig. 8A shows the
projected electron potential of the sample with the area
of interest highlighted. We include a large vacuum region
next to the sample, to highlight the impact of the long
probe tails. In Fig. 8B, we show the image and line profile
from a simulation with a perfect probe of scattering angle
qmax = 0.63Å−1. We can clearly resolve the dumbbells
and the intensity drops off within a few Ångströms of the
edge of the sample.

We can compare these results to an image simulation
with spherical aberrations and the corrector. We use
a 5-ring programmable phase plate with the same qmax
as Fig. 8B. As shown previously, we would not be
able to achieve atomic resolution for this aberrated
probe without correction. With this corrector, we
can successfully resolve the dumbbells in this sample.
However, due to the long probe tails we see a strong
background signal extending well into the vacuum. Even
within 4 nm of the sample, the intensity has not dropped
to zero, shown by the line profiles. Although the nominal
central lobe size is sub-Ångström, the probe is sensitive
to information nanometers away from the main area of
illumination. Moreover, there is significantly reduced
intensity at the atomic sites, similar to Fig. 7. These
probe tail features lower the contrast more in thicker
samples due to beam broadening during beam-specimen
interactions.

Here we have described how the programmable phase
plate can be used for spherical aberration correction.
This hardware also allows for high flexibility in defining
the electron beam wave function. For example, a Hilbert
plate, where half of the beam is phase shifted by π can
be used in TEM to improve contrast in studies of weak
phase objects (Danev et al., 2002). Such a beam profile
can be implemented with the programmable phase plate
as shown in Fig. 9A. There are many other types of
phase plates that are more routinely used in TEM (Malac
et al., 2021), but have been little explored in STEM. A
programmable phase plate would allow for more testing
of these usual beam profiles.

Vortex beams in S/TEM has been proposed for
probing a number of material properties including
chirality (Juchtmans et al., 2015; Harvey et al.,
2015; Béché, Juchtmans, and Verbeeck, 2017), symmetry
(Juchtmans, Guzzinati, and Verbeeck, 2016; Ribet et al.,
2022), and magnetic structure (Verbeeck, Tian, and
Schattschneider, 2010; Rusz and Bhowmick, 2013; Grillo
et al., 2017). Fig. 9 shows how these beams can be
implemented in real and reciprocal space. The wave
function of a vortex beam, Ψv(q), is defined by:

Ψv(q) = Ψ(q)eimφ (7)

Here,Ψ(q) is the wave function of an unmodified
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FIG. 7. (A) The Scherzer condition probe does not provide sufficient resolution for imaging of twisted bilayer graphene, while
the (B) evenly spaced and (C) adaptively spaced corrected probes provide atomic resolution images. Compared to an (D) ideal
probe the efficiency is reduced in the corrected images as shown by the lower contrast. 60kV simulations with qmax = 0.22Å−1,
qmax = 0.51Å−1, qmax = 0.63Å−1 and qmax = 0.63Å−1 in A-D respectively.

beam, m is the quantum number, and φ is the
azimuthal coordinates with respect to the propagation
direction of the electron beam. Energy-loss magnetic
circular dichroism (EMCD) experiments, for example,
probe magnetic order with a chiral vortex beam
(Schattschneider et al., 2006; Verbeeck, Tian, and
Schattschneider, 2010). In such an experiment, one
needs to compare an electron energy loss experiment
from the same area with a m = +1 and m = −1 beam,
which can be challenging to implement experimentally. A
programmable phase plate can be used to make a vortex
beam, as shown in Fig. 9B, and the tunable nature of
this design lends itself to EMCD experiments.

Finally, our programmable phase plate could be used
for adding phase diversity in a STEM probe for
ptychography experiments. Ptychography experiments
are often performed in a defocused probe configuration,

which adds phase in the incident beam (Rodenburg and
Maiden, 2019). However, there have been a variety of
studies that have suggested that adding additional phase
diversity into the probe, including dynamic phase, can
help with more efficient reconstructions, especially at low
spatial frequencies (Candes, Li, and Soltanolkotabi, 2015;
Yang et al., 2016; Pelz et al., 2017; Allars et al., 2021).
A programmable phase plate would be well suited to add
phase into the probe for ptychography experiments.

Using tetracutinase a model system, we explore this
phase plate configuration, and in particular how
adding phase diversity can be used to improve the
information transfer for defocused probe ptychographic
reconstructions. Similar to many biological structures,
these megamolecules are weak phase objects and
beam sensitive, making low dose ptychography a good
approach to imaging these materials (Parker et al., 2022).
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FIG. 8. (A) Projected potential of a 20 nm Si sample.
Comparing the (B) perfect probe and (C) corrected probe,
we observe that despite the benefits of the programmable
phase plate for improving resolution, there is a cost of reduced
intensity and strong background signal.

Fig. 10A shows the projected potential of this small four-
lobed molecule. The reconstructions using an ideal probe
with 2.5 mrad and 10 mrad convergence angles (Fig. 10B-
C respectively) show the impact of convergence angle on
the reconstruction. At a smaller convergence angle, the
low spatial frequency information is captured, while the
larger convergence angle results in an image that appears
high-pass filtered. The FRC plots (Fig. 10E) show
improved resolution for the larger convergence angle.
These results are in good agreement with the images
and experimental results from the literature (Zhou et al.,
2020).

Fig. 10D shows a STEM phase plate, which we use for

FIG. 9. A programmable phase plate allows for the
implementation of more exotic beam profiles including (A) a
probe with a Hilbert plate or a vortex beam with (B) m = 1
or (C) m = 2

this simulation. This design was chosen to incorporate
phase diversity in the probe. The ptychographic
reconstruction using this probe wave function is shown
in Fig. 10E. The image shows a wider range of spatial
frequencies – the low spatial frequency information
is preserved while capturing the fine detail in the
megamolecule’s lobes. In addition, these reconstructions
are more robust in the vacuum region to systematic
errors. The FRC profile for this reconstruction shows
the same resolution as compared to the conventional
10 mrad probe, but with improved transfer at lower
spatial frequencies. Overall, these simulations suggest
that incorporating phase diversity into an incident probe
can help improve ptychographic reconstructions.

Conclusion

In this work we have shown how to design a
programmable phase plate for spherical aberration
correction in light of realistic design criteria. We have
illustrated how this device can be used to correct third-
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FIG. 10. (A) Projected potential of tetracutinase and defocused ptychography reconstructions with (B) 2.5 and (C) 10 mrad
defocused probes. A (D) phase plate adds diversity to the (E) reconstructions, which capture a wider range of spatial frequencies.
(F) FRC profiles evaluate transfer of information in these experiments.

order spherical aberrations to produce atomic-resolution
images, and a similar approach could be used to correct
higher-order spherical aberrations. One of the key
limitations of these devices is the long probe tails
that arise due to supporting cross bars in the device.
The probe tails are especially problematic in thicker
specimens, resulting in signals when the probe is outside
of the specimen. A programmable phase plate can also
be used to create more complex probe profiles, such as a
vortex beam. We have shown how these types of probe
profiles can add phase diversity into the probe to improve
transfer of information in ptychographic reconstructions.
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Novák, P., Carlino, E., Fabrizioli, M., Panaccione, G., and
Rossi, G., “Detection of magnetic circular dichroism using a
transmission electron microscope,” Nature 441, 486–488 (2006).
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