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Transmission electron microscopy is an extremely powerful technique for direct characterization of
local structure at the atomic scale. However, the resolution of this technique is fundamentally limited by
the partial coherence of the electron beam. In this Letter we demonstrate a method that extends the
ultimate resolution of the latest generation of aberration corrected transmission electron microscopes by
41% relative to that achievable using conventional axial imaging. Experimental results verify that a real
space resolution of 78 pm has been achieved at 200 kV.
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Transmission electron microscopy is a widely used
atomic scale imaging technique and the recent develop-
ment of correcting electron-optical elements [1,2] has sig-
nificantly improved the attainable spatial resolution and
sensitivity. However, even aberration corrected instru-
ments are resolution limited by the partial coherence of
the electron beam. Wave function restoration is a method
that computationally recovers the complex wave function
at the exit surface of the specimen from a multiple image
data set [3-9]. While exit wave function restoration has
been applied to axial aberration corrected images recorded
at different defoci [10-14], the ultimate resolution is lim-
ited to that of a single axial image. In this Letter we
demonstrate that the resolution of the exit wave function
can be improved beyond the information limit by 41% by
including aberration corrected images acquired under tilted
illumination in the restoration data set. The super resolu-
tion structural information obtained by this approach will
be applicable to many areas of physics, material science
and nanotechnology including quantum information and
catalysis where local atomic positions directly affect physi-
cal properties.

In the absence of a physical objective aperture, the
partial spatial and temporal coherence of the electron
beam together define an effective aperture in Fourier space,
which for axial illumination is centered on the optic axis.
Tilting the incident electron beam shifts this effective
aperture in Fourier space, so that higher resolution infor-
mation is transferred, albeit only in the direction of the
beam tilt [8,15] (Fig. 1). However, if images with suitably
varying illumination tilts are combined, information trans-
fer is increased in all directions. Thus a large synthetic
Fourier space aperture can be produced by combining
images recorded for several illumination tilts [8,9]
(see [16] for a schematic diagram illustrating this concept).
This aperture synthesis approach enables data to be recov-
ered beyond the conventional axial resolution limit and is
related to techniques used in radio astronomy [17,18] and
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radar [19], and is the reciprocal analog of Ptychography in
the scanning transmission electron microscope [20].

Experimental aperture synthesis using conventional
TEM images is feasible but the uncorrected spherical
aberration of the objective lens substantially limits the
resolution improvement achievable [8,9]. However, using
aberration corrected data significantly larger beam tilts are
possible, corresponding to a greater resolution improve-
ment [13]. This Letter outlines the first experimental re-
sults from this approach using a tilt-defocus data set
geometry to provide super resolved data beyond 0.08 nm
at 200 kV.

Figure 2 compares the calculated information transfer
recovered in exit wave functions restored from a tilt-
defocus data set [21,22] to that recovered from a focal
series of images [3-7,10-14] and clearly demonstrates
the recovery of super resolved information in the former.
For the experimental restorations reported here images
were acquired using a JEOL 2200MCO aberration cor-
rected (S)TEM operated at 200 kV [14]. A negative 3rd
order spherical aberration coefficient of —5 um was
chosen to balance the uncorrected 5th order spherical
aberration [23,24]. Axial coherent aberrations up to 5th
order spherical aberration were initially measured using

FIG. 1.

(a) Phase and (b) modulus of the effective aperture for
the JEOL 2200MCO TEM calculated with —5 um spherical
aberration, Scherzer defocus, and a 16 mrad beam tilt. The
corresponding diffractogram is shown in (c). The dashed cross
indicates the position of the optic axis.
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FIG. 2 (color online). Schematic diagram showing the geome-
try and information transfer for (a) focal series and (b) tilt series
restoration with a tilt magnitude of 16 mrad. Information transfer
is centrosymmetric in (a) in Fourier space (shown inset) whereas
the Fourier space plot inset in (b) has a characteristic symmetry
due to the use of six equally spaced illumination tilts. The bold
line in (b) indicates the direction of strongest information trans-
fer and the lighter line that of weakest information transfer. The

limit where information transfer falls to below 10% is marked in
both (a) and (b).

the CEOS aberration correction software [25] and for
subsequent refinement were also independently remeas-
ured from Zemlin tableaus of diffractograms obtained
from a nearby region of amorphous carbon support film
immediately before and after data set acquisition. The
experimentally measured values of the aberration coeffi-
cients above 3rd order were computationally compensated
during exit wave function restoration by using an addi-
tional Fourier space phase plate [12,26]. Focal series data
sets contained 20 aberration corrected images with an
average focus step of 7 nm and tilt-defocus data consisted
of a three-member focal series with focal steps of 9 and
12 nm recorded at six equally spaced tilt azimuths together
with additional axial images. The order of image acquis-
ition was optimized so as to minimize hysteresis in the tilt
coils and objective lens. Each image was preprocessed to
eliminate the effects of the modulation transfer function for
the CCD camera used [27,28] and exit wave function
restoration was performed using a linear Wiener filter,
with local aberrations measured using a phase compen-
sated correlation function and phase contrast index func-
tion [21,22]. The restored exit wave functions were finally
Fourier filtered to reduce residual detector noise by apply-
ing a circular mask to each reflection at a radius of
0.5 nm™~! with the mask edges smoothed by 0.15 nm™ .
To determine the optimum illumination tilt magnitude
for aperture synthetic reconstruction in an aberration cor-
rected instrument the tilt induced changes in the wave
aberration function must be considered. Limiting the phase

change produced by tilt induced changes in any coherent
aberration to 7r/2 gives a maximum tilt magnitude of
25 mrad, using the experimentally measured values of
coefficients to Sth order appropriate to the instrument
used. However, at these large beam tilts partial coherence
in the illumination leads to a loss of transfer at the center of
the tilted transfer function [8]. Limiting the extent of this
loss to 50% of the highest axial transfer gives a more
conservative maximum allowable tilt angle of 16 mrad.
As shown in Fig. 2 the inclusion of images with this tilt
magnitude in the restoration data set extends the limit at
which information transfer falls below 10% to better than
71 pm (141 nm™!') in all directions and to 68 pm
(14.7 nm™~ ') along the illumination tilt directions. In com-
parison, using a conventional focal series data set the
equivalent limit occurs at a resolution of 117 pm
(8.55 nm™ ).

Experimental demonstration of this resolution improve-
ment requires a suitably thin sample, since for tilted illu-
mination the specimen potential is projected along a
different direction relative to the axial case introducing
an additional phase shift. Again allowing a maximum
tolerable phase shift of 7/2, a simple parallax argument
gives an allowable specimen thickness, ¢ = d/(27) for a tilt
magnitude, 7, and a resolution, d. For a tilt magnitude of
16 mrad this limits the specimen thickness to ~2.4 nm.
Figure 3 provides a more detailed evaluation of this effect
in which a full dynamical calculation using the multislice
algorithm [29,30] is shown comparing axial and tilted exit
wave functions for (112) oriented crystalline silicon. These
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FIG. 3. Comparison of the phase of simulated exit wave func-
tions for (112) oriented silicon under axial and tilted illumination
for tilt magnitudes of 17 mrad in various crystallographic direc-
tions. Specimen thickness is indicated on the left-hand side
in nm.
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FIG. 4 (color online).

Experimental restored exit wave functions for (112) silicon. (a) and (c) Moduli of the complex Fourier

transforms of the exit wave function restored from focal and tilt-defocus series, respectively. Contrast has been inverted to improve
clarity with a 10% information limit corresponding to a real space resolution of 0.117 nm indicated. In (c) the 10% information limit
for the tilt-defocus data set in the direction of weakest transfer (corresponding to 0.071 nm resolution) is also indicated. (b) and
(d) Subregions of the phase of the specimen exit wave function restored from focal series and from the tilt-defocus data set,

respectively, with simulated wave functions overlaid.

are found to be at least qualitatively similar for a 17 mrad
tilt magnitude in any direction up to sample thicknesses of
4-5 nm. Changes with respect to the axial wave function
are greatest in tilt directions perpendicular to the {444} re-
flections corresponding to the smallest resolvable distance.

This improved transfer is experimentally demonstrated
in Fig. 4 for silicon oriented along a (112) direction.
Figures 4(a) and 4(c) show the modulus of the complex
Fourier transform of the exit wave functions restored using
the experimental conditions used to generate Fig. 2. Some
examples of the raw images used in the restoration can be
seen in Ref. [16]. Using a focal series of images the highest
spatial frequency transferred corresponds to the {333} re-
flections which are restored with 2% transfer [Fig. 4(a)].
For comparison using a tilt-defocus data set [Fig. 4(c)] both
{333} and {444} reflections are visible even at the thinnest
sample regions and are recovered at a level greater than
twice the background noise. In the thicker region of the
specimen the first extinction distance of the {444} reflec-
tions is observed indicating that the area of the specimen
shown in Figs. 4(b) and 4(d) has a thickness less than
4.7 nm. The appearance of the kinematically forbidden
{222} reflections in the Fourier transforms in Fig. 4 is likely
to be due to multiple scattering in the thickest regions of
the ~1200 nm? field of view.

- " 8 " & & &8 &

0.4
05 78pm 4

oz dhhd ha Jlﬂ ﬂ
oas | |04 IV LN 1{
02 l

1L

-
.
=
.
f—
=
e
—

="
e
——

0.1

|
oo 1| Il
A L

Distance along <111> (nm)

Phase of exit wave function

FIG. 5 (color online). Enlarged region of the phase of the
silicon (112) exit wave function restored from a tilt-defocus
series shown in Fig. 4(d), false colored to improve visibility.
The lower part of the figure shows a line scan with a width of 5
pixels along (111) passing though the lowest row of atoms and
shows a contrast dip between atom positions of 22%—-26% of the
peak height.
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Figures 4(b) and 4(d) show the phase of the exit wave
function restored from focal and tilt-defocus data, respec-
tively. The 78 pm atomic separation (arising from the
inclusion of the {444} reflections) is not recovered using
focal series data and consequently the two atoms’ positions
appear unresolved as a single peak in projection [Fig. 4(b)].
However, when tilted illumination images are included in
the restoration this reflection is strongly transferred and the
atom positions are clearly resolved, with contrast dips
between the peaks at the atomic positions ranging from
22% to 26% of the maximum peak height (Fig. 5).

We have shown for the first time that the inclusion of
tilted illumination aberration corrected images in data sets
for specimen exit wave function restoration can increase
continuous information transfer to 71 pm at 200 kV, an
improvement of 41% over the conventional axial limit for
the microscope used. This method provides super resolved
data beyond that achievable using conventional axial imag-
ing and is moreover applicable to the latest generation of
corrected instrumentation [31,32] suggesting that an ulti-
mate target resolution of 30 pm is achievable.
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