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The realization of chromatic aberration correction enables energy-filtered transmission electron microscopy
(EFTEM) at atomic resolution even for large energy windows. Previous works have demonstrated lattice contrast
from ionization-edge signals such as the L, 3 edges of silicon or titanium. However, the direct interpretation as
chemical information was found to be hampered by contributions from elastic contrast with dynamic scattering,
especially for thick samples. Here we demonstrate that even for thin samples with light atoms, the interpretation
of the ionization-edge signal is complicated by inversions from bright-atom to dark-atom contrast. Our EFTEM
experiments for graphene show lattice contrast in the carbon K-edge signal, and we find bright-atom and dark-
atom contrast for different defoci.

1. Introduction

Correction of the spherical aberration (Cs) in high-resolution
transmission electron microscopy (HRTEM) allows atomic-resolution
imaging at typical electron energies of 80 to 300keV. Additional cor-
rection of the chromatic aberration C, leads to a drastic improvement in
the capabilities to elucidate structural and chemical properties of the
samples. Firstly, the resolution of the C./Cs-corrected microscope is
further improved by reducing the dampening effect of the chromatic
defocus spread o(C;) [1], and C./C; correction enables atomic resolu-
tion at even lower electron energies Ey, e.g., 20-80 keV [2]. Secondly,
energy-filtered TEM (EFTEM) experiments can be conducted with large
energy windows AE, yielding a point resolution and information limit
that suffice for obtaining lattice contrast from ionization edges [3].

Using a C./Cs-corrected microscope, Urban et al. [4] and Forbes
et al. [5] have obtained lattice contrast from the Si-L, 3 ionization edge
of Si and from the Ti-L, 3 and the O-K ionization edges of Sr-TiOs, re-
spectively. Both experimental works notice the preservation of elastic
contrast and the necessity to incorporate this effect in the interpretation
of the data. In fact, inelastic scattering is always accompanied by si-
multaneous elastic scattering [6], and coherent interference between
elastically scattered waves forms elastic contrast, also known as phase
contrast. Contributions from elastic scattering to the inelastic signal in
EFTEM images are also known from theoretical investigations [7-9] and
dedicated spectroscopy experiments [10]. Many image simulations
suggest, however, that the direct interpretation as pure chemical maps
can still work for samples thinner than about one third of the extinction
length (threshold for dynamic scattering), usually a few nanometers
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and less [5,8,9,11].

In this paper, we investigate experimentally if ionization-edge
EFTEM images of a two-dimensional object can be directly interpreted
as atomic-resolution elemental maps, using the low-voltage C./C,-cor-
rected SALVE (Sub-Angstrom Low-Voltage Electron Microscopy, [12])
instrument. We have chosen graphene as a one atom thin object and
evaluate its EFTEM signals. For comparison of different energy-filtered
signals, we present energy-filtered images from the zero loss, the
plasmon loss, and the carbon K (C-K) edge of graphene. Among these
images, the zero loss (ZL) image is our reference for elastic contrast. It
corresponds to the phase-contrast image known from HRTEM and
shows either bright-atom or dark-atom contrast, depending on the de-
focus. The plasmon-loss images are also expected to show only pre-
served elastic contrast, as the plasmon-loss scattering itself is highly
delocalized [13,14] with its characteristic scattering angles being 100
times smaller than for elastic scattering. Eventually, in the case of the C-
K-edge images, the inelastic scattering is much more localized, and that
we can expect actual lattice contrast from the inelastic scattering itself.
This inelastic contrast is expected to be bright-atom contrast—with the
carbon atoms being self-luminous, bright point sources that can only be
imaged sharply at optimum focus. This bright-atom contrast is crucial
for the interpretation of the ionization-edge image as an elemental map,
where high intensity indicates the presence of a certain element. Any
contributions with dark-atom contrast will obscure the elemental map
and hamper the direct interpretation of the ionization-edge images.
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2. Methods
2.1. Experiments

The high-resolution EFTEM experiments were carried out at an ac-
celeration voltage of 80 kV using the C./Cs-corrected SALVE instru-
ment. This microscope is based on a Thermo Fisher Titan Themis®
column and is equipped with a dedicated aberration corrector from
CEOS company [2,12]. Chromatic aberrations were corrected to values
that allow for imaging with sub-Angstrém resolution even for energy
windows as large as 20 eV. The parameters were C. = —5 pm (to
compensate partly for the third-order Cs. fixed at 16 mm), chromatic
first-order astigmatism A;. < 1 um, and chromatic dispersion
W, < 1 um. The geometric aberrations up to As and Ss were tuned to
allow for a phase plate of 50 mrad (;t/4 criterion), including a C,/Cs
optimization with a small negative value of Cs at —5 pm compensating
Cs of 3 mm and allowing maximum phase-contrast transfer.

TEM samples of clean, free-standing graphene were prepared by
transferring commercially available graphene on copper foils (CVD
grown by Graphenea company, Spain) to Quantifoil holey carbon grids
(Quantifoil company, Germany). Atomically clean graphene areas of
approx. 20 x 20nm? were first identified from zero-loss-filtered
images. EFTEM images and electron energy-loss spectroscopy (EELS)
signals were recorded on the camera (Ultrascan 1000 XP) of the GIF
Quantum ERS low-voltage imaging energy filter attached to the SALVE
microscope. The energy filter was tuned to provide non-isochromaticity
below 1 eV and a chromatic distortion of 0.3%, both measured over the
whole camera area.

For the acquisition of core-loss EFTEM images, a 20 eV EFTEM
energy window was centered around 300 eV high-tension offset, such
that a large part of the carbon K-edge signal contributes to the EFTEM
image [cf. EELS signal in Fig. 1(a)]. As the ratio between the C-K-edge
signal and the elastic signal in the zero-loss peak is only about 1:10%, an
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Fig. 1. (color online) (a) EELS signal of single-layer graphene: zero-loss peak
(ZLP) and carbon K-shell (C-K) ionization edge. The selected energy window for
the EFTEM experiments is highlighted in red. Note that the high-loss signal
> 130 eV was enhanced by a factor of 10*. (b) Raw 80kV EFTEM signal from
the C-K edge of graphene, recorded with a 20 eV energy window centered at
300€eV energy loss. Due to the low signal-to-noise ratio, the graphene lattice is
not directly visible. (c) Fast Fourier transform of the raw EFTEM signal from
(b), showing first-order reflections of graphene (cropped, contrast enhanced).
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extraordinarily high electron dose of about 10° e~ /nm? was needed to
achieve sufficient signal-to-noise ratio (SNR) in the core-loss EFTEM
images. This was achieved with a largely condensed illumination with a
diameter slightly larger than the camera's field of view, and exposure
times of 4 s. The total beam current was 20 nA, limited by the electron
source (monochromated X-FEG). The condenser-lens focus (illuminated
area) and the beam deflectors were controlled by the energy-filter
software to compensate for beam shifts and intensity changes caused by
the high-tension offsets for EFTEM with 300 eV energy loss. Un-
fortunately, this automated setting does not compensate for introduced
beam tilts, which may cause coma and astigmatism in the EFTEM
images. To minimize this deleterious effect, the rotation center of the
objective lens was re-adjusted at 300 eV high-tension offset.

On binned 1024 X 1024 pixel frames on the 2048 Xx 2048 pixel
CCD, the electron dose of 10° e~ /nm? resulted in an average of about
100 counts per pixel (conversion rate of 15 counts per 80 kV primary
electron). This low usable dose of less than 10° e~ /nm? makes the
graphene lattice hard to see in the raw data, as shown in Fig. 1(b). This
raw image also shows the inhomogeneity of the condensed illumina-
tion, resulting in a strong intensity gradient in the image. The high
intensity at the left edge of the image stems from carbon contamination
on the graphene. In the Fourier transform of the raw image [Fig. 1(c)],
however, graphene's first-order Bragg reflections are clearly visible.

As the electron dose in the EFTEM image is about 1000 times larger
than typically used for high-resolution TEM images of graphene, severe
damage in the form of nanometer-sized holes was observed after
1-2 minutes of sample illumination. As a consequence, we could record
only a few single-exposure core-loss images, and an averaging over
multiple unit cells of graphene was necessary in post-processing to
evaluate the contrast of the high-resolution EFTEM images. A detailed
description of the image processing procedure is given in the Appendix.

A background subtraction with two or more pre-edge windows was
not performed, as the signal in 20 eV windows directly in front of the C-
K-edge onset (284 eV [15]) was below the noise level. Along with the C-
K post-edge EFTEM images, we have recorded zero-loss-filtered and
plasmon-loss images (6-26 eV) at each sample position.

2.2. Image simulations

For comparison to our EFTEM experiments, we have performed
image simulations using the mutual coherence function (MCF), in-
cluding both elastic and inelastic scattering. Inelastic scattering trans-
fers energy from the scattered electron to the object, entangling the
scattering electron with the states of the object. In this case, it is not
possible to describe the scattered wave by a single wave function, as it
is the case for the elastically scattered wave. Instead, we must describe
the outgoing wave as a collection of partial waves, each corresponding
to a specific excited state. Only partial waves pertaining to the same
excited state are coherent. For a given energy loss, the partial coherence
between the inelastically scattered electrons can be described by a
density matrix [16] or by the MCF [12,17]. Since each plane wave is
represented by a two-dimensional vector, the corresponding density
matrix or the MCF entangling two plane waves are four-dimensional
quantities. Multiple scattering involving inelastic scattering is either
modelled by the Bloch-wave formalism [7] or by the multislice algo-
rithm [18]. In the multislice algorithm, the propagation of the four-
dimensional MCF through the sample as well as through the compo-
nents of the microscope inevitably requires time-consuming 4D Fourier
transforms to be performed for each energy loss and for each slice.
Hence, the 4D Fourier transforms are converted to combinations of
more computationally efficient 2D Fourier transforms, for which there
are several methods [7,10,19-21]. In this work, we simplify the com-
putation by representing the 4D matrices using their primary 2D ei-
genvectors retrieved from matrix diagonalization [22]. The number of
the used 2D Fourier transforms depends on the required computational
accuracy.
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We carry out the EFTEM image simulations in two steps: First, the
interaction between the electrons and the sample is modeled by the
mutual coherence multislice algorithm [18]. In the case of graphene,
mutual coherence multislice reduces to a single slice, and we assume
that both elastic and inelastic scattering take place simultaneously. For
low energy losses in the range of 6-26 eV, we replace one 4D Fourier
transform by one 2D Fourier transform. For high energy losses in the
range of 290-310eV, however, we have to take multiple eigenvectors
into account and replace one 4D Fourier transform by a number of two-
dimensional Fourier transforms. As a result, in the low and high energy-
loss regions, the outgoing waves are represented by 10 partial wave and
by 30 partial waves, respectively. The propagation of the 2D partial
waves through the microscope column is similar to the case of elastic
scattering. For a given energy window, images for the respective energy
losses are first simulated individually, and are subsequently summed up
after multiplication with a weighting factor obtained from the nor-
malized EELS spectra. The zero-loss images are simulated following the
procedure in Ref. [23], and the applied MATLAB code to carry out the
EFTEM simulations is available upon request by contacting the authors.

In order to account for the partial spatial coherence of the rather
converged electron beam during the core-loss EELS experiments, a large
illumination convergence semiangle of 2mrad was used in the simu-
lations.

3. Results

Our processed EFTEM images show either bright-atom or dark-atom
contrast, within a small focus range. Fig. 2 shows two sets of zero-loss
(ZL) and C-K-edge EFTEM images of graphene. The underlying raw
images were recorded at optimized conditions for the C-K-edge images;
that is, focusing and stigmation of the objective lens were performed
with the help of the live Fourier transform of the raw post-edge images.
Only the first-order graphene reflections could be used as reference for
stigmation, as no Thon fringes were present. Fig. 2(a) shows a ZL-fil-
tered image of pristine graphene with bright-atom contrast. This ZL-
filtered image was averaged over the same number of graphene unit

Bright-atom contrast

Dark-atom contrast

Fig. 2. Bright-atom and dark-atom contrast in 80kV high-resolution EFTEM
images of graphene: (a,b) Processed zero-loss (ZL) and C-K post-edge EFTEM
images with bright-atom contrast. (c,d) Another experiment at different de-
focus, resulting in dark-atom contrast in the ZL and C-K edge images; All images
were taken under optimized conditions for the C-K-edge signal, with 20eV
windows centered at 0eV (ZL) and 300eV (C-K). For the shown images, raw
signals were averaged over more than 100 unit cells to improve the signal-to-
noise ratio.
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cells as the corresponding post-edge-filtered image in Fig. 2(b).
Fig. 2(a,b) both show bright-atom contrast, but with a much stronger
signal in the ZL-filtered (elastic) image. At different defocus, both
images change contrast similarly from bright-atom to dark-atom con-
trast, as presented in Fig. 2(c,d). We were able to reproduce these re-
sults at different sample positions. Depending on the defocus, the ZL-
filtered and C-K-edge images both show either bright-atom or dark-
atom contrast. Remarkably enough, the contrast never flipped between
the ZL-filtered and C-K-edge image in any of our experiments.

For a systematic investigation of the defocus dependency of the C-K
post-edge signal, we have recorded EFTEM focus series. As a starting
point, we have used a defocus that yields maximum lattice contrast in
the raw signal and varied the focus in the range of -20 to +20 nm in
steps of 2nm. For the discrimination between bright-atom and dark-
atom contrast, the signals were again averaged over a large number of
unit cells. In a narrow defocus range, we have found the contrast
changing repeatedly between bright- and dark-atom contrast. This is
demonstrated in Fig. 3(a), where exemplary images at relative defocus
offsets of up to = 8 nm around the optimum focus for bright-atom
contrast (Cy,op) show a change from dark atoms to bright atoms and
vice versa. At much higher defocus offsets, the lattice contrast was lost,
which became apparent by missing graphene reflections in the Fourier
transform of the raw images, and by vanishing contrast in the averaged
images.

We are now comparing our experimental focus series to image
calculations [Fig. 3(b)], which show very similar contrast changes in
the same focus range around a calculated optimum defocus
Ci,0pc = +3 nm for bright-atom contrast. Please note that we do not
aim for a perfect contrast matching but rather for a qualitative agree-
ment between the experiments and simulations. During the focus series
acquisition, it was impossible to monitor all experimental parameters
such as, e.g., introduced astigmatism or coma at 300 eV energy loss, or
the influence of drift on the exact focus steps. Given, in addition, the
low SNR in the raw (unprocessed) experimental images, a one-to-one
comparison between individual images is not sensible.

As a reference for preserved elastic contrast in energy-loss signals,
we have also performed EFTEM experiments in the low-loss region of
the EELS spectrum. Due to the high delocalization of the inelastic
scattering in the plasmon-loss region (~16 eV), only elastic scattering is
expected to yield lattice resolution. Fig. 4(a) shows a focus series re-
corded with the plasmon-loss electrons in graphene (6-26 eV). Again,
the focus series covers a defocus range of + 8 nm around the optimum
focus for bright-atom contrast in (phase-contrast) high-resolution TEM.
Under these conditions, we find that the experimental plasmon-loss
series show a very similar behavior as the C-K-edge focus series from
Fig. 3. Within defocus changes of 6—8 nm, the contrast again changes
from dark-atom contrast to bright-atom contrast and vice versa. Qua-
litatively, we can again confirm this by image simulations [Fig. 4(b)],
especially for negative defocus offsets. Deviations between the experi-
mental images and the image simulations for certain defoci may be
partly caused by the change in high tension from 300 eV offset down to
16 eV, and the associated change in the imaging conditions.

For a closer investigation of the similarities between the C-K-edge
and plasmon-loss signals, we have also performed EFTEM image si-
mulations for isolated carbon atoms. With simulated focus series, we
again analyze the defocus behavior of the EFTEM signals. Fig. 5 shows
the simulated focus series for the plasmon-loss and C-K-edge signals of
single C atoms. In Fig. 5(a), the plasmon-loss signals (6—26 €eV) are
shown using the same brightness and contrast settings for all defoci
between -8 nm and + 8 nm. Horizontal line scans across the center of
each image are shown as blue curves. Likewise, the corresponding
carbon K-edge signals (290—310 eV) are shown in Fig. 5(b).

Looking at the plasmon-loss signals, we find that the simulations for
single C atoms readily shows a clear change between bright-atom
contrast and dark-atom contrast. As is the case of an elastic zero-loss
image, the C atom can appear either brighter or darker than the
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(a) Experiment: averaged C-K edge signal, 29
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(b) Image simulation: C-K edge signal, 290-310 eV

0% _o®

-4nm

Fig. 3. Focus series with 80 kV high-resolution EFTEM signal from the C-K edge of graphene (20 eV window centered at 300 eV): Images taken with defocus offsets
between —8 and + 8 nm show an inversion of contrast from dark-atom contrast to bright-atom contrast and vice versa. The images are post-processed by averaging

over more than 100 unit cells to improve the signal-to-noise ratio.

nonzero background signal. As opposed to this, the C-K-edge signals of
the isolated atoms always appear bright on a dark background with
zero intensity. For deviations from the optimum defocus Cicp, the
width of the C-K-edge signal is broadened to an extent that no true
atomic resolution can be obtained for graphene. In fact, the signals have
a full width at half maximum (FWHM) way beyond the atomic spacing
of 1.4 A, such that the intensity would be spread over multiple atomic
sites. In the case of positive defocus offsets, we even find ring-shaped
intensity profiles that can cause the signal in-between the atoms to
actually become stronger than that at the atomic sites themselves.
These broad intensity distributions around the atoms can also favor
dark-atom contrast in our EFTEM experiments and image simulations

(a) Experiment: averaged plasmon-loss signal, 6-26 eV

‘

for graphene. This is illustrated in the bottom row of Fig. 5(b), where
the simulated C-K-edge images of single carbon atoms are incoherently
summed up, which can also result in graphene images with dark-atom
contrast.

4. Conclusions

We have presented lattice contrast in 80 kV EFTEM images from the
C-K ionization edge of graphene and compare them to zero-loss filtered
and plasmon-loss images, as well as image simulations. Our results
obtained for graphene, a one atom thin layer of carbon (Z = 6), show
that atomic resolution EFTEM data cannot be directly interpreted in

(b) Image simulation: plasmon-loss signal, 6-26 eV

Fig. 4. Focus series with 80 kV high-resolution EFTEM signal from the plasmon loss of graphene (20 eV window centered at 16 eV): Images taken with defocus offsets
between —8 and +8 nm show an inversion of contrast from dark-atom contrast to bright-atom contrast and vice versa. The images are post-processed by averaging

over more than 100 unit cells to improve the signal-to-noise ratio.
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Fig. 5. (color online) EFTEM image simulations for single carbon atoms: Plasmon loss (a) and C-K edge (b). The blue curves show horizontal line scans across the
center of the images. The additional images in (b) show the sum of the single-atom signals, forming graphene images with bright-atom contrast or dark-atom contrast.

terms of chemical contrast. Depending on the defocus, we have ob- imaging scanning TEM [24,25] where image contrast was even shown
tained images with either bright-atom contrast or dark-atom contrast. to be stable with changing sample thickness [25]. Also, in STEM-EELS,
This finding puts into question the widespread assumption that che- at least the contributions from elastic contrast are less prominent, as
mical information can be still be directly obtained for very thin sam- demonstrated by experiments with graphene [26].

ples, where multiple scattering is unlikely. In practice, lattice-resolution
EFTEM will not always result in elemental maps with bright atoms.

In focus series of the C-K-edge EFTEM signal, we have observed very
similar contrast inversions as in the (preserved) elastic contrast in the
plasmon-loss signal. We find that this behavior can have different rea-
sons. On the one hand, even the ionization-edge signal can—in prin-
ciple—show preserved elastic contrast. In particular, we can qualita-
tively reproduce our focus series with image calculations using the
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Appendix. Image processing

In post-processing, all lattice-resolution EFTEM images of graphene were averaged over a large number of unit cells to enhance the signal-to-
noise ratios (SNRs) of the raw signals.

In a first step, outliers (e.g., hot and dead pixels) were identified via their absolute and relative deviation from the median intensities of the
surrounding pixels. For deviations above certain thresholds, pixel intensities were replaced by the median of the surroundings. The strong intensity
gradients caused by the relatively inhomogeneous illumination were compensated by subtracting Gaussian blurred versions of the images, which has
an effect similar to highpass filtering. From the binned frames with 1024 X 1024 pixels, small sub-regions with the highest signal-to-noise ratio were
cropped and used for the evaluation.

For the actual summation over multiple unit cells, the direct-space graphene lattice was determined from the maxima in the autocorrelation of a
zero-loss filtered image at same magnification. This lattice was then used as a kernel for a convolution with the preprocessed core-loss images,
leading to an averaging over a large number of unit cells (see Fig. 6). The final results were cropped to the size of the kernel to avoid artifacts from
the image borders.

As an alternative to the above-described averaging technique, the bright-atom and dark-atom contrasts could in principle also be revealed by
Fourier filtering of the raw images. To this end, small circular masks can be placed around each spot in the fast Fourier transforms (FFTs), including
the central spot with the low-frequency information. Keeping only the signal from the masked areas, this leads to very similar results with respect to
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(a) C-K raw signal (b) graphene lattice

(c) averaged signal

Fig. 6. (color online) Averaging of the graphene C-K-edge EFTEM signal over multiple unit cells. (a) Raw C-K-edge EFTEM signal; (b) Graphene lattice as obtained
from a zero-loss image; (c) Averaged signal by convolution of (a,b); (d) Magnified region from (c).

(d) averaged * 7S

Fig. 7. (color online) Comparison of periodic artifacts from Fourier filtering (a,b) and from averaging over multiple unit cells (c,d), using random noise as input data.
(a) Random noise and hexagonal filter mask in the Fourier transform [inset]. (b) Fourier-filtered image with a deceptively clear bright-atom contrast at the center.
(c,d) Random noise before and after averaging over multiple unit cells. The averaged signal in (d) shows only weak periodic artifacts.

the discrimination between bright- and dark-atom-contrast images. In contrast to the averaging technique, however, this can yield deceptively clear
bright-atom or dark-atom contrast images even for vanishingly low signal. This is exemplified in Fig. 7, where both the averaging and the Fourier-
filtering method are applied to computer-generated random noise. In contrast to the very clear hexagonal lattice introduced by the Fourier filtering
[Fig. 7(b)], the averaging technique yields only weak periodic artifacts [Fig. 7(d)].
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