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a b s t r a c t

Technological advances in fabrication methods allowed the microscopy community to take incremental
steps towards perfecting the electron microscope, and magnetic lens design in particular. Still, state of
the art aberration-corrected microscopes are yet 20–30 times shy of the theoretical electron diffraction
limit. Moreover, these microscopes consume significant physical space and are very expensive. Here, we
show how a thin, sculpted membrane is used as a phase-mask to induce specific aberrations into an
electron beam probe in a standard high resolution TEM. In particular, we experimentally demonstrate
beam splitting, two-fold astigmatism, three-fold astigmatism, and spherical aberration.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

The standard method nowadays to shape electron beams is
based on applying magnetic or electric forces to the electrons,
however, it is also possible to use phase masks for shaping the
phase front of the electron beam. The idea of using material foils of
constant thickness to change the phase of the electron beam was
proposed by Boersch in 1947 [1] as an implementation of Zernike's
phase contrast method. In 1975, Willasch [2] and Muller [3] fab-
ricated profiled phase-plates with alternating thicknesses, with
the ultimate goal of imprinting the aberrated beam with spherical
aberration of the equal magnitude but opposite sign, thereby
cancelling it. The thickness profile was achieved using con-
tamination build-up. In 1998 Ito et. al.[4] created pixelated Fresnel
lenses by drilling holes in AlF3 with an electron beam. While the
holes are of very small dimensions, they are unfortunately sepa-
rated, which contributes to the difficulty of achieving a smooth
phase front. In all of the above mentioned examples, the nano-
fabrication technology we have today has not yet matured. This
situation has changed now with the emergence of new technol-
ogies and techniques – e.g. focused ion beam milling and de-
position, electron beam lithography, as well as ultrathin mem-
branes of materials such as silicon nitride (SiN), yielding a variety
of opportunities for electron beam shaping [5–10] and contrast

enhancement [11–13]. In this Letter, we show several examples of
electron probe shaping using nanoscale phase-masks, namely:
half-beam tilt, two-fold astigmatism, three-fold astigmatism, and
spherical aberration. In these examples, we illustrate and measure
new and wide-ranging capabilities for correcting aberrations in
electron columns with patterned phase masks. We achieve this by
inducing aberrations to a diffraction limited electron beam, and
argue that correction of such is equivalent.

In different systems employing an electron-beam column, such
as scanning electron microscopes (SEM), scanning-TEMs (STEM),
and e-beam lithography machines, the electron probe scans across
the target sample in a raster manner, synchronizing the reading of
backscattered or secondary-emitted electrons to form an image or
inscribe a pattern for further processing. It is therefore important
that the electron probe size be as ideal, or as small as possible, or
that the probe is otherwise arbitrarily shaped, as could be required
by certain applications; this would also be true for many other
applications that use an electron probe, notably the generation of
sub-diffraction electron probes [14]. With today's technological
achievements in lens design, the dominant probe aberrations in a
generic column would be the result of a combination of the probe-
forming optics: the gun, condenser, and objective lenses. Avoiding
the implausible alteration of the entire, commercial optical design,
a probe wavefront shaper would be best placed in the condenser
aperture, where the beam dimensions are demagnified. This lo-
cation enjoys a highly important advantage: the beam diameter is
much larger, typically �60 μm, compared to �300 pm in the focal
plane, yielding a current density on the mask which is lower by
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more than 10 orders of magnitude. Thus, ill effects such as char-
ging, radiation damage, and contamination are much diminished
and more easily dealt with compared to the case of contrast-en-
hancing phase plates [15], which are mounted in the diffraction
plane of the objective lens.

Once the ability to nearly-arbitrarily control the phase front of
the electron wave has been established [8], it is possible to com-
pensate for electron aberrations: one can simply design the phase
transparency, or a patterned thin membrane, with the inverse of
the expected wavefront aberration. We employ the same idea in
our designs, where a 200 keV electron with 2.51 pm wavelength
accumulates a 2π phase shift in a SiN membrane with thickness of
approximately =πt 84 nm2 thick. It is imperative to note that other
authors [16,17] deduced a different thickness for SiN than ours,
however, the total phase shift is additionally a function of other
factors such as the electron acceleration voltage, Gallium im-
plantation dependent on our FIB parameters, and the membrane
fabrication process, which differs from vendor to vendor [18]. Our
100 nm SiN membranes were purchased from SPI Supplies.

We define the amount of aberrations using the largest optical
path difference, or “peak-to-valley”, of the aberrated wavefront
from an ideal spherical wavefront, measured in 2π phase cycles
multiplied by the wavelength λ [19]. For aberrations larger than
1λ, in order to avoid overly thick membranes, the transparencies
are designed in either binary or modulo-2π fashion, such as in the
case of diffractive elements in light optics [20].

2. Aberration-inducing phase masks

As introductory, quantitative examples, we will discuss phase-
masks that induce a half-beam tilt, two-fold astigmatism, three-
fold astigmatism, and spherical aberration, as depicted in Fig. 1(a),
Fig. 2(a), Fig. 3(a), and Fig. 4(a), respectively. Cross-sections of the
image intensity, taken at image focus along the dashed line, qua-
litatively imply the topographic profile of the phase-mask, as-
suming a linear relation between the two; these are correspond-
ingly presented in the insets of each figure. The phase-masks are
placed in the sample holder and we use low magnification mode,
where the objective lens is essentially off, imaging the back-focal
plane of the diffraction lens to the screen through an objective
aperture of 10 mm diameter (or 30 mm for the spherical aberration
mask). The same method could be demonstrated in our micro-
scope with the objective lens rather than the diffraction lens, but
owing to its much shorter focal length (1.7 mm vs 100 mm for the
diffraction lens), the beam size would be already too small when
imaged to the camera.

2.1. Half-beam tilt

In the half-beam tilt mask, Fig. 1, the circular illumination en-
compasses both the modulated and unmodulated semi-circles of
the phase-mask. As the modulated half is a blazed grating [16,17],
well known in diffractive light optics, we expect half of the in-
tensity to propagate unperturbed (transmitted, or zero order) and
half to tilt to the first order of the grating, neglecting intensity lost
due to high-angle scattering. The angle of the tilted beam is pre-
designed according to the grating period. Indeed, the measure-
ment in Fig.1(b) shows the expected on axis beam and another
significant tilted beam located to its right (having 48% and 25%,
respectively, of the total transmitted intensity as measured here).
The ill effects of fabrication faults manifest themselves as addi-
tional, low-intensity diffraction orders, and uneven distribution of
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Fig. 1. Half-beam tilt: (a) fabricated phase-mask, dashed line marking extents of
the intensity cross-section in the inset. (b) Measured diffraction image, with the
relative intensity distribution marked for the transmitted beam (48%, thick line),
tilted beam (25%, dashed line), and higher diffraction orders (27%, dotted line).
Contrast and brightness altered for visibility.
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Fig. 2. Two-fold astigmatism: (a) fabricated phase-mask, dashed line marking ex-
tents of the intensity cross-section in the inset, where the slight decline observed in
the inset is assumed to be due to a nonlinear response of the CCD sensor or lack of
uniformity of the beam intensity profile in this particular measurement.
(b) Unmodulated area on the membrane, measured for reference. Astigmatic focal
series: comparison of (c) simulation and (d) experiment, and the corresponding
reference (f) simulation and (e) experiment. Contrast and brightness altered for
visibility.
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