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There are mainly two complementary imaging modes in transmission electron microscopy (TEM):
Conventional TEM (CTEM) and scanning TEM (STEM). In the CTEM mode the specimen is illuminated
with a plane electron wave, and the direct image formed by the objective lens is recorded in the image plane.
STEM is based on scanning the specimen surface with a focused electron beam and collecting scattered
electrons with an extended disk or ring-shaped detector. Here we show that combination of CTEM imaging
with STEM illumination generally allows extending the point resolution of CTEM imaging beyond the
diffraction limit. This new imaging mode improves imaging characteristics, is more robust against chromatic
aberration, exhibits direct structural imaging with superior precision, visualizes light elements with excellent
contrast, and even allows us to overcome the conventional information limit of a microscope.
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Introduction.—Since the end of the last millennium,
transmission electron microscopy (TEM) has been improved
dramatically by correctors for spherical [1-3] and chromatic
aberration [4], which can be combined with a monochro-
mated illumination system [5], pushing the information limit
into the sub-Angstrom range. The spatial resolution in the
conventional TEM (CTEM) mode is determined by the
maximum spatial frequency of the electron wave transferred
by the optical system, termed the “diffraction limit.” As the
incoherent transfer function of a diffraction-limited system
extends to twice the cutoff frequency of the coherent transfer
function, it is expected that incoherent illumination leads to
higher resolution. STEM imaging can be considered inco-
herent due to the principle of reciprocity [6], saying that it is
equal to using a large incoherent illuminating source in
CTEM [7,8]. Based on this idea, it was shown by Pennycook
and Jesson [9] that annular dark-field (ADF) imaging
provides direct structure images at atomic resolution. As
furthermore shown by Nellist and Rhodenburg [10],
chromatic aberration sets a fundamental information limit
to the resolution of CTEM. Here, Nellist, McCalium and
Rhodenburg [11] published resolution beyond this informa-
tion limit by incoherent imaging realized by scanning TEM
(STEM). Later, Nellist and Pennycook [12] demonstrated
that incoherent TEM imaging is very robust to the effects of
chromatic aberration and Kisielowki et al. [13] resolved
atomic columns with 63 pm distance in ADF STEM. STEM
imaging is therefore advantageous concerning resolution.

On the other hand, Van Aert and Van Dyck [14] pointed
out that the precision for measurement of distances between
atom columns depends on the number of electrons con-
tributing to the image. This has an unfavorable effect for
ADF STEM at specimen thicknesses below a few tens of
nanometers, where only a small fraction of incident
electrons hits the detector, resulting in a low signal-
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to-noise ratio. Another disadvantage of STEM imaging
is the limited precision of positioning the electron probe,
which leads to scan noise [15] reducing the precision at
which atomic positions can be measured. Finally, the finite
source size of the demagnified STEM emitter strongly
affects spatial resolution. Verbeeck, Béché, and Van den
Broek [16] measured the source profile with a holographic
method and found its center dominated by a Gaussian part
with a full width at half maximum of 0.1 to 0.2 nm, setting
an information limit to STEM. As noted by Nellist and
Pennycook [12], this limit can be improved by further
demagnifying the source, but at the expense of the signal-
to-noise ratio, which will itself provide a limit to the
reachable precision. For CTEM, however, there is no
scanning process and the source size is not the limiting
factor, making CTEM superior in this manner. However,
compared to STEM, the alignment of the correct focus is
more difficult in CTEM as images show strong contrast and
similar image patterns for large and small defoci. For the
same reason, interpretation of CTEM images is not as
straightforward as for STEM, where positions of atomic
columns are easily identified.

Incoherent imaging can be realized in light optics using a
self-luminous object, where different points of the speci-
men emit mutually incoherent light. This situation can be
mimicked in CTEM imaging as illustrated in Fig. 1: The
specimen is illuminated with a scanning, medium-resolu-
tion convergent electron beam. For each scan point an
image is formed by the objective lens, and these images are
summed up over one full area scan on a recording system
such as a charge-coupled device (CCD) camera. This TEM
mode thus combines STEM illumination with CTEM
imaging and will be termed “imaging STEM” (ISTEM).

In the following, it is first demonstrated by simulation
that ISTEM in fact allows imaging beyond the diffraction
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FIG. 1 (color online). The principle of the suggested imaging
mode. The incoherence is obtained by scanning a focused
electron probe over the specimen. For each probe position, the
diffraction pattern in the focal plane of the objective lens shows
diffraction discs. The recording system in the image plane
acquires one image per complete area scan and, thus, integrates
over all individual images, each of which corresponds to one
position of the incident electron probe.

limit and is more robust against chromatic aberration than
CTEM, thus allowing imaging beyond the conventional
information limit. Second, a theoretical description explain-
ing why ISTEM images are almost independent of aberra-
tions and defocus of the probe forming system is given and
a further comparison to other imaging modes is drawn,
revealing more advantages. Third, an ISTEM experiment
that resolves details beyond the conventional information
limit of the microscope is presented. Finally, we demon-
strate improved precision of structure determination for
ISTEM compared to STEM modes.

Imaging beyond the diffraction limit.—Figure 2 com-
pares CTEM and ISTEM images for Si in [110] projection.
The spherical aberration of the image forming lens
was Cg =50 ym, typical for aberration-corrected
CTEM. Other simulation parameters are listed in the
Supplemental Material S5 [17]. With the exception of
the illumination, opposing ISTEM and CTEM images are
computed for identical imaging conditions. In Figs. 2(b) to
2(d), the Si dumbbells cannot be resolved as their distance
of 0.136 nm is beyond the diffraction limit defined by the
radius of the objective aperture. The ISTEM image
Fig. 2(f), however, clearly resolves the Si dumbbells,
and they are even still faintly visible in Fig. 2(g), where
the diffraction limited resolution is almost twice the dumb-
bell distance. In the bottommost row of Fig. 2 the objective
aperture only contains the central beam, resulting in
vanishing contrast in the CTEM image [Fig. 2(d)], whereas
the lattice structure is still resolved in the ISTEM case
except for the dumbbells as their atomic distance is smaller
than half the diffraction limited resolution [Fig. 2(h)].

Imaging beyond the information limit.—Figure 3 dis-
plays the effect of the defocus spread associated with
chromatic aberration on images obtained in CTEM and
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FIG. 2 (color online). Comparison of CTEM [(a) to (d)] and
ISTEM [(e) to (h)] images simulated for a Si unit cell viewed
along the [110] direction as a function of imaging system defocus
and specimen thickness. The radius of the objective aperture
corresponds to a diffraction limited resolution of (a) and
(e) 55 pm, (b) and (f) 0.17 nm, (c¢) and (g) 0.27 nm, and
(d) and (h) 0.33 nm, the spherical aberration of the imaging lens
was Cg = 50 um, and its defocus spread A = 3 nm. For smaller
objective apertures, the higher resolution of ISTEM imaging
becomes apparent. While for CTEM the dumbbells are only
visible in (a), they are still well resolved in (f) and even still
faintly visible in (g).

ISTEM mode, respectively. We assumed an aberration-free
imaging lens and negligible semiconvergence angle of
0.002 mrad for the CTEM mode and simulated imaging
of a diamond crystal with a dumbbell distance of 89 pm. The
objective aperture had a radius equivalent to 20 pm;
hence, this distance is not affected by the diffraction limit.
Here, another benefit of the ISTEM mode is observed:
Figs. 3(a) and 3(f) compare CTEM and ISTEM images for
0.2 nm imaging defocus spread, showing comparable
intensity patterns and contrast. Figures 3(b) to 3(e)
depict CTEM images for higher defocus spreads between
A = 3 and 24 nm, in comparison with ISTEM micrographs
in Figs. 3(g) to 3(j). These images clearly reveal the different
dependencies of CTEM and ISTEM imaging on the defocus
spread, which as aforementioned is the prime origin of the
CTEM information limit. Whereas in CTEM the dumbbells
are hardly resolved already at a spread of A =3 nm [see
Fig. 3(b)], which is a realistic value for a TITAN 80-300 G1
microscope [24], the dumbbells are clearly visible in all
ISTEM images though beyond the information limits in
Figs. 3(h) to 3(j). Figures 3(g) to 3(j) show that the intensity
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FIG. 3 (color online). Simulated images of a diamond crystal
viewed along [110]: (a) to (¢) CTEM images simulated with
defocus spreads and corresponding information limits given in
brackets of (a) 0.2 (20 pm), (b) 3 (81 pm), (c) 6 (0.11 nm), (d) 12
(0.16 nm), and (e) 24 nm (0.23 nm). (f) to (j) depict the
corresponding ISTEM images, which clearly suffer less from
the defocus spread as dumbbells are resolved even for (j) while
for CTEM they are not resolved in (c) to (d).

patterns are similar for defocus spreads between 3 and
24 nm. The gray scale legends reveal decreasing contrast
with increasing defocus spread in the case of ISTEM. The
degradation of contrast admittedly also diminishes the
precision with which the positions of the atom columns
can be measured, and thus limits the resolution as defined in
[14]. The decreased signal-to noise ratio can, however, be
compensated for in the experiment by a larger dose, whereas
a loss of resolution as shown in Fig. 3(e) cannot be
compensated for by experimental conditions.

Comparison of imaging modes.—In the Supplemental
Material S2 [17] it is rigorously shown that the mutual
intensity of the ISTEM illumination is fully equivalent to
the mutual intensity for CTEM imaging using a wide
circular electron source, whose radius Rp in units of mrad is
equal to the radius of the aperture in the probe-forming
optics in the case of ISTEM. Applying the principle of
reciprocity [6,7,25-27], this in turn means that in the case
of a circular aperture ISTEM imaging is equivalent to
STEM imaging with a bright-field (BF) detector whose
radius in units of mrad is equal to R p, if the ISTEM imaging
lens and STEM probe forming lens exhibit identical
aberrations. A resulting advantage of ISTEM, which it
has in common with STEM, is vanishing image contrast for
large defoci. This is demonstrated in the Supplemental
Material S1 [17] in comparison with CTEM, where similar
contrast patterns are observed for large and small defoci.

Nevertheless, there are important differences between
BF STEM and ISTEM. In the former case, the width of the
probe forming source leads to a decrease of image
resolution, as two different points on the emitter correspond
to two probes on the specimen surface shifted with respect
to each other. In ISTEM the images for all probe positions
are integrated; hence, source size has no influence on the
image resolution. In addition, scan noise errors are

circumvented in the ISTEM mode for the same reason.
ISTEM therefore combines advantages of STEM, particu-
larly the improved resolution of incoherent imaging, with
direct imaging in the CTEM mode, while on the other hand,
disadvantages of both modes are eliminated.

Another outcome of the calculation in the Supplemental
Material S2 [17] is the mutual intensity of the ISTEM
illumination being entirely independent of aberrations of the
probe forming system. Thus, not only is probe correction not
required, but also exact focusing of the probe on the
specimen entrance plane is not important, only the scanned
area might need to be increased accordingly, if the illumi-
nating probe is broadened by aberrations. As to the aberra-
tions of the imaging system, the Supplemental Material S3
[17] makes clear that they still have an important influence,
making an image corrector advantageous for ISTEM.

A further advantage of ISTEM occurs for specimen drift,
which results in a blurring of CTEM images damping
higher image frequencies, but only leads to a distortion of
the micrograph in ISTEM, which can be corrected after-
wards [15].

Experimental resolution beyond the conventional
information limit.—Figure 4 presents experimental ISTEM
images of GaN taken on an image corrected microscope with
a conventional information limit of 80 pm [28,29]. The
specimen thickness was 8 to 12 nm determined by quanti-
tative ADF STEM [30]. The thickness variation causes slight
pattern changes over the images. Figure 4(a) was acquired in
[1120] projection; the Ga-N dumbbells with distance of
0.11 nm are very clearly resolved as shown in the magnified
area. While this distance is within the information limit, it is
remarkable that the columns of the light N atoms are clearly
visible, which could be achieved by neither CTEM nor ADF
STEM. As Fig. 4(b) shows, the observed patterns are in good
agreement with simulations for different defoci, validating the
simulation results. Figure 4(c) displays a [1100] projection,
where the Ga-N distance is only 63 pm—significantly beyond
the conventional information limit of our microscope. The
dumbbells are, however, recognizably resolved. The accord-
ing diffractogram [Fig. 4(d)] also spreads out to frequencies
related to this distance. The advantageous properties of
ISTEM evidently allow to push a microscope’s CTEM
information limit significantly further without any modifica-
tion to the hardware.

Superior precision of direct structure evaluation.—To
investigate the precision of direct structure evaluation using
ISTEM, we simulated imaging of a pseudomorphic
In,Ga;_,As/GaAs heterostructure. The In concentration
x gradually increases to 30% causing a 4% change in lattice
plane distance. Probe-corrected ADF STEM with a
36-300 mrad detector, BF STEM (0-21 mrad), and image
corrected ISTEM images were computed. Shot noise was
applied to all three images. We assumed an electron beam
with 9 mrad semiconvergence angle and a dose of 300
electrons per pixel for ISTEM, whereas the dose was
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FIG. 4 (color online).

(64.8 pm)-!

Experimental ISTEM micrographs of GaN of about 10 nm thickness. (a) Acquired in [1120] projection. (b) The

comparison of a defocus series with simulation from the same orientation. (c) A [1100] projection. The line scan in the inset corresponds
to the area marked in red. (d) Diffractogram of (c). The central insets show magnifications of (a) and (b) taken from the regions marked
in blue, respectively. The Ga-N dumbbells are well resolved even in (c), where the distance of 63 pm is beyond the information limit.

increased to 1630 electrons per pixel for the STEM imaging
modes accounting for the 21 mrad condenser aperture. For
STEM imaging, the broadening of the probe due to the
finite source size with 80 pm full width at half maximum
and scan noise with root-mean squared probe displace-
ments of 20 pm were simulated. Both values underestimate
typical experimental conditions following Refs. [16] and
[15]. As described above, ISTEM is affected by neither.

These images were evaluated by fitting a Gaussian based
parametric model to each atomic column as described in
[31]. From the positions of the atom columns we calculated
the lattice strain. Figures 5(a) to 5(c) show the simulated
micrographs and the respective fitted models, while
Fig. 5(d) depicts the resulting strain profiles. The evaluation
of the ISTEM image well resembles the true profile and the
error bars are significantly smaller than those correspond-
ing to BF STEM and ADF STEM, clearly revealing the
improvement of precision by ISTEM. We found that this
also holds for BF simulations without scan noise.

Fields of application.—ISTEM has a large field of
promising applications. It can be used in modern electron
microscopes that are able to combine STEM illumination
with CTEM imaging, thereby improving spatial resolution
as well as interpretability of structure images. It provides
imaging characteristics typical for aberration-corrected
STEM for aberration-corrected CTEM imaging. Thanks
to reciprocity, ISTEM is capable of applying techniques,
which currently require aberration-corrected STEM, in
aberration-corrected CTEM. One example is annular-bright
field (ABF) imaging [8,32], which plays an important role
for imaging of the lightest elements in the vicinity of
heavier elements. It requires a ring detector, which in the
case of ISTEM is equivalent to a ring-shaped aperture in the
probe forming system as shown in the Supplemental
Material S4 [17]. The CTEM equivalent of ABF due to
reciprocity [8] is hollow-cone illumination (HCI) [33-36],
providing an improvement of resolution using a ring-
shaped source. An extended source, however, is not easily
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FIG. 5 (color online). (a)-(c) Simulated images of a

GaAs/InGaAs interface viewed in [100] projection with a strain
gradient from 0% to 4% from left to right corresponding to the
[001] direction. The blue framed insets show the fitted parametric
model. Imaging mode: (a) ADF, (b) BF and (c) ISTEM. The
legends are given in units of “number of electrons”. (d) shows the
strain profiles resulting from each fit, where the curves from BF
and ADF are shifted upwards by 4% and 8%, respectively. The
precision for ISTEM is more than twice as good as for the
scanning methods. The error bars are retrieved from the standard
deviation in averaging direction.

realized in modern microscopes that are optimized for high
spatial coherence, and connected with problems such as
nonisoplanatism and inhomogeneous illumination. In
ISTEM HClI-like imaging becomes easily applicable with
annular probe forming apertures and would benefit from
reduced specimen drift sensitivity.

Application of ISTEM allowed us to image light nitrogen
atomic columns close to much heavier Ga columns
[Fig. 4(a)] and to resolve distances below 80 pm [Fig. 4(c)],
which on our microscope would not have been possible
otherwise. Thus, it is conceivable that ISTEM likewise allows
pushing the point resolution of more advanced microscopes
even below 50 pm. Because of its ability to combine
advantages of STEM and CTEM while avoiding drawbacks
of both, we expect ISTEM to become an important imaging
mode in the near future.
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