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Abstract

In quantitative scanning transmission electron microscopy (STEM), scat-
tering cross-sections have been shown to be very sensitive to the number of
atoms in a column and its composition. They correspond to the integrated
intensity over the atomic column and they outperform other measures. As
compared to atomic column peak intensities, which saturate at a given thick-
ness, scattering cross-sections increase monotonically. A study of the elec-
tron wave propagation is presented to explain the sensitivity of the scattering
cross-sections. Based on the multislice algorithm, we analyse the wave prop-
agation inside the crystal and its link to the scattered signal for the different
probe positions contained in the scattering cross-section for detector collec-
tion in the low-, middle- and high-angle regimes. The influence to the signal
from scattering of neighbouring columns is also discussed.
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1. Introduction

Quantitative scanning transmission electron microscopy (STEM) has be-
come a widely used technique to retrieve structural information from a ma-
terial under study. It generally refers to the analysis of images obtained
using a scanning transmission electron microscope in which the electrons are
usually collected using an annular detector, although detectors with differ-
ent configurations are also becoming more widely available [1, 2, 3, 4, 5].
The choice of inner and outer collection angles of an annular detector allows
one to collect electrons scattered over a specific angular range resulting in
specific structural information of the sample. Electrons that scatter at high
angles are related to the atomic number Z of the atoms they interact with,
allowing so-called Z-contrast imaging [6, 7]. Other collection angle regimes
enable imaging of light elements or strained samples [8, 9, 10]. In the annular
dark field (ADF) regime, the signal is considered predominantly incoherent
[11, 12], which facilitates the interpretation of the images due to the lack
of contrast reversals. In this collection angle regime quantitative methods
have been developed to analyse images. The proposed quantitative method-
ologies usually follow either an image simulation-based or a statistics-based
approach. Image simulation-based methods depend on the direct comparison
of experimental images with simulations [13, 14, 15, 16, 17, 18, 19]. The ex-
perimental images need to be normalised with respect to the incident beam
[14, 16, 20]. In addition, image simulations need to be performed using mod-
els that describe the electron-sample interaction as accurately as possible
21, 22, 23, 24, 25, 26, 27]. Furthermore, the experimental conditions [28]
as well as the detector’s response [20, 29, 30, 31, 32, 19] need to be known



up to the measurable limits. On the other hand, statistics-based methods
consider a statistical parameter estimation framework to extract quantita-
tive information from STEM images [33, 34]. They make use of parametric
models of which the unknown parameters are estimated by fitting the model
to the experimental images using a criterion of goodness of fit. The quanti-
tative information is then retrieved from these estimated model parameters
and can be directly related to the chemical composition [34, 35] or number
of atoms in an atomic column [36, 37], for example. When combined with
tomography techniques, these methods allow the three-dimensional recon-
struction of a material at the atomic level [38, 39, 40] without the need of
image simulations. The tools of statistical experimental design can be used
to find the optimal microscope settings to retrieve the information of interest
[41, 42, 43, 44]. It has also been shown that a combination of statistics-
based and image simulation-based methods leads to both accurate and pre-
cise structure parameters [20, 35, 36, 43, 45, 46].

Different measures have been used to quantify STEM images including
peak intensities at the atomic column position or contrast variations [7, 31],
the mean intensity of the material’s unit cell [10, 16, 17, 30], the volume under
a Gaussian function fitted at the atomic column position [35, 34, 36, 37] or
the pixel integrated scattering cross-sections [18, 20, 47]. The latter two have
been found to be equivalent and are referred to as the so-called scattering
cross-section of an atomic column, which corresponds to the total amount of
scattered electrons by a single atomic column. A detailed derivation of this
measure can be found in [47].

De Backer et al. [44] showed that in order to precisely count the number



of atoms, the scattering cross-sections perform as well as when comparing
images and simulations on a pixel by pixel basis. Furthermore, peak inten-
sities, which correspond to the maximum intensity recorded at the atomic
column position, have been found to provide less reliable results. The scat-
tering cross-section has also been found to be robust to probe parameters in
contrast to peak intensities [47, 48]. Previous experimental work has quan-
tified Pt systems using scattering cross-sections [18, 20, 43, 46]. Therefore,
we present an in-depth simulation study of a Pt system to investigate the
sensitivity of scattering cross-sections with respect to thickness. In Figure 1
the increase of scattering cross-section (left blue vertical-axis) and peak in-
tensity (right green vertical-axis) is shown as a function of sample thickness
for a Pt crystal viewed along the [110] zone axis under high angle annular
dark field (HAADF) conditions for a 21 mrad probe convergence angle (See
Table 1). Scattering cross-section axis units are Megabarn (1Mb = 10~%m?)
and for peak intensity, the axis is in fractional beam current. From this plot,
it is clear that peak intensities saturate around ~ 6 atoms, whereas the scat-
tering cross-sections keep increasing with increasing thickness. Therefore,
when trying to distinguish between e.g. 10 and 11 atoms, the peak intensity
measure is not adequate since there is practically no variation between the
corresponding intensity values. On the other hand, when using the scattering
cross-section values, a clear difference is observed.

In this work, we explain the monotonically increase of scattering cross-
sections for the number of atoms in a sample as shown in Figure 1. For
this, we analyse how the probe propagates through the crystal and how this

process contributes to the peak intensity and to the scattering cross-section
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Figure 1: Scattering cross-section (left blue vertical-axis) and peak intensity (right green
vertical-axis) as a function of sample thickness for Pt in [110] zone axis. ADF STEM
detector collection angles ranging from 63 to 200 mrad for a 21 mrad probe convergence

angle (See Table 1).

values. Consequently, a set of image simulations describing the wavefunction
propagation through the crystal for different probe positions has been carried
out by using the multislice algorithm [49, 50]. With the information these
calculations provide, we are able to infer the origin of the detected signal and

its contribution to the scattering cross-section value.

2. Background and methods

In order to characterise the atomic columns in 3D from a STEM image,
one needs to use the image intensities that originate from conditions where
the electron wavefunction is peaked at the atomic column. Therefore, a
thorough understanding of the interaction between the electron wavefunction
and the sample for each STEM probe position is needed. The multislice

algorithm allows one to calculate the electron wavefunction ¢ (z,y) inside



the crystal as a function of depth. The modulus squared of the electron
wavefunction |1 (z,y)|? at a specific crystal thickness indicates the probability
to find the electron at a certain point (z, y) in space [51, 52]. If the probability
|9)(x,y)|? is found to be high near the atomic column potential, it can be
inferred that the scattering reaching the detector has its main origin from
this site. Thus, by using this method, one can retrieve information about the
interaction of the electron wave and the sample as well as its relationship to
the detected signal.

In order to analyse the wave propagation of the electron through the
crystal, |¢(z,y)|? is calculated for each probe position (z,,v,) contributing
to the scattering cross-section. This was carried out for different thicknesses
of a Pt sample in [110] zone axis using the frozen lattice multislice approach
using the STEMSim software [53]. The simulations were carried out for
a crystal using two different probe convergence angles (21 and 31 mrad).
To study the contribution of scattered intensity of neighbouring columns,
simulations of an isolated column for the 21 mrad case were also carried out.
Simulation details are presented in Table 1. In this work, the collection angle
regimes are defined as: Low-Angle Annular Dark Field (LAADF), Middle-
Angle Annular Dark Field (MAADF) and High-Angle Annular Dark Field
(HAADF), which correspond to integrating the signal from 1, 2 or 3 times
the convergence angle o as inner collection angle up to the outer collection
angle, respectively. Other similar integration regimes have been suggested in
[54].

Figure 2 a) shows a simulated Z-contrast image of Pt. A unit cell is se-

lected to illustrate the analysis procedure followed in this work. From this



Table 1: Frozen lattice simulations settings

Acceleration voltage HT

Defocus C}

Spherical aberration Cj

Convergence semi-angle «

Spatial incoherence of source FWHM

LAADF inner collection angle

MAADF inner collection angle

HAADF inner collection angle
LAADF/MAADF/HAADF outer collection angle

Detector’s response

300 kV
0 nm
-142 nm
21 mrad /31 mrad
0.7 A
21 mrad /31 mrad
42 mrad /62 mrad
63 mrad /93 mrad
200 mrad

homogeneous (ideal)

Zone axis

Supercell periodicity

Supercell size

Maximum specimen thickness
Number of phonon configurations
Pixel size of simulated image

Pixel size to sample atomic potential

[110]

9 x 9 unit cells
24.97 x 35.31 A2
8.32 nm
20
0.1394 A
0.0293 A




unit cell image, the pixel values corresponding to different probe positions
have been coloured with respect to their distance to the atomic column posi-
tion and are shown in Figure 2 b). As it can be observed, the dark red pixel
(peak intensity) corresponds to the centre of the atomic column (labelled as
r0). The nine light red pixels closest to the atomic column position corre-
spond to a distance of ~ 14 pm (labelled as rl). The next twelve orange
pixels indicate the probe positions at ~ 28 pm (labelled as r2) and so on.
The labels in Figure 2 b) show the corresponding colours and distances for
these probe positions (pixels). All these probe positions contribute to the
scattering cross-section of the column, labelled as XS. We will use the term
‘radial probe position’ to refer to these probe positions. For example, radial
probe position r2 corresponds to the summed contribution of all the orange
pixels (probe positions) depicted in Figure 2 b).

For the analysis of the wave propagation inside the crystal, the following
procedure has been carried out. First, the modulus squared of the wavefunc-
tion |¢(z, y)|* at probe position (x,,y,) for each of 20 phonon configurations
has been averaged for each thickness. Next, the resulting probabilities of
the corresponding probe positions that form each radial probe position have
been summed. For example, for radial probe position r2, the probabilities
corresponding to the probe positions depicted in orange in Figure 2 b) have
been summed. Finally, the summed probability of each radial probe position
has been rotationally averaged using the atomic column position in the cen-
tre. In this way, the interaction between the electron wave and the atomic
column can be identified with respect to the atomic column position as ori-

gin. In order to study the contributions from the neighbouring columns, the



summed probabilities have been rotationally averaged using the coordinates

of the closest neighbouring column as a reference.

3. Results and discussion

3.1. Analysis of the wavefunction propagation for different probe positions

The wavefunction obtained from the multislice algorithm for the two con-
vergence angles up to 30 Pt atoms has been used to analyse its propagation
through the crystal. Figures 3 and 4 show the rotationally averaged variation
of [¢(z,y)|* with respect to the number of atoms in depth (vertical-axis) and
the distance from the atomic column (horizontal-axis) for the different ra-
dial probe positions shown in Figure 2 and the total scattering cross-section
XS for convergence angle 21 mrad and 31 mrad respectively. The electron
wavefunction propagation through the crystal can be observed in these plots.

For the 21 mrad probe convergence angle example, the wavefunction at
the atomic column position r0 clearly excites the atomic column up to =~
6 atoms and then disperses. For off-column probe positions, the electron
interacts with the atomic column at higher thickness. For example, for probe
positions close to the atomic column, that is r1 (= 14 pm) to r3 (= 42 pm),
the wavefunction mainly excites the atomic column at a depth of ~ 3 to 12
atoms. The probe positioned at r4 (=~ 56 pm) and r5 (~ 70 pm) contains
contributions at a depth of ~ 10 to 20 atoms. Even for radial probe positions
further away, that is r6é (=~ 84 pm) to r8 (=~ 112-126 pm), the wavefunction
propagates to the atomic column position for depths up to 30 atoms. One
should note that the colour scale-bar of each plot of Figure 3 and 4 is different

in order to show clearly the excitation of the atomic column. These figures



r0 = column position
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r2~ 28 pm
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Figure 2: a) Simulated image of Pt in [110] zone axis using simulation settings described in

Table 1 for the HAADF case using a 21 mrad probe convergence angle. Depicted distances

show the separation between columns for this material. b) Colour-edited simulated image

of Pt and colour labels with their corresponding distances from the atomic column position.

The label XS refers to the scattering cross-section, which is the summation over all radial

probe positions.
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qualitatively indicate which part of the atomic column is excited by the
electron probe. In this manner, one can infer from which part of the crystal
the contributions to the scattering cross-section originate.

When comparing with the 31 mrad probe convergence angle case, we can
observe that the wavefunction excites the atomic column at different depths
depending on the radial probe position in a more localised manner. For
example, when comparing the probabilities at probe position r4 (=~ 56 pm)
from Figures 3 and 4, we can observe that for the 31 mrad case, the column
is excited from =~ 7 to 12 atoms. In contrast, for the 21 mrad example,
the excitation of the atomic column ranges from ~ 6 to 16 atoms. This
observation is in agreement with the fact that for a higher convergence angle,
the depth resolution increases [55, 56].

An important observation is that the excitation of the column occurs
at depths that are related to the broadening of the probe when considering
a free propagation of the wave. This propagation of the electron wave in
vacuum is illustrated by the dashed lines in Figure 3 and 4. Therefore, the
interaction at different depths of the column for each radial probe position
depends on the convergence angle of the probe.

As it will be shown in the next section, the increase of scattering cross-
section as a function of thickness as shown in Figure 1 can be explained
because of the excitation of the atomic column at larger depth when the
probe is located away from the column position. Moreover, the saturation of
the peak intensity results from the reduced interaction of the wavefunction
with the atomic column at the corresponding depth.

Another aspect to consider in this analysis is how the wave interacts with

11
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Figure 3: Rotationally averaged variation of |¢(z,y)|? with respect to number of atoms
and distance from the atomic column for the different probe positions depicted in Figure
2 and for the scattering cross-section XS for a 21 mrad probe convergence angle. Dashed

lines indicate the broadening of the probe as if it would propagate in vacuum.
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Figure 4: Rotationally averaged variation of |¢(z,y)|?> with respect to number of atoms
and distance from the atomic column for the different probe positions depicted in Figure
2 and for the scattering cross-section XS for a 31 mrad probe convergence angle. Dashed

lines indicate the broadening of the probe as if it would propagate in vacuum.



the neighbouring columns. This interaction is related to the dispersion of
the wave as it propagates inside the crystal. The dispersion increases the
probability to interact with neighbouring atomic column potentials, which
can also scatter electrons towards the detector. To understand this, the same
’2

procedure of rotationally averaging |i(z, y)|* was performed using the atomic

column position of the closest neighbouring column as origin. Figure 5 shows
the rotationally averaged variation of |1 (z, y)|* with respect to the number of
atoms (vertical-axis) and the distance from the neighbouring atomic column
(horizontal-axis) for the different probe positions used in this analysis for the
21 mrad probe convergence angle example. Colour scale-bars for each plot
have been adapted to show features more clearly. In general, one can observe
an interaction of the electron wave with the neighbouring columns for depths
beyond ~ 20 atoms. The probability of interaction with the neighbouring
column increases as the wave propagates inside the crystal and as the probe
is located closer to the neighbouring atomic column. When comparing the
colour scale-bar of Figures 3 and 5, it is clear that the effect of neighbouring
columns is at least an order of magnitude smaller. This indicates that the
probability of the electron wave interacting with the neighbouring columns
is smaller than the interaction of the electron wave with the main atomic

column. How much of this interaction is converted into detected signal and

from which thickness this becomes significant is discussed in the next section.

3.2. Contribution of different probe positions to the scattering cross-section

The analysis presented in the previous section allows us to understand
the electron-sample interaction at the sample plane for the different probe

positions that form the scattering cross-section. However, the images are

14
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formed by integrating the scattered signal at the detector plane. The next
analysis investigates the contribution of each radial probe position to the
scattering cross-section value in order to understand their relative impor-
tance. As described in Section 2, we consider three collection regimes of the
detector: LAADF, MAADF and HAADF and the analysis is performed for
the 21 mrad probe convergence angle simulation set.

The intensity contribution of the radial probe positions to the scattering
cross-section value for the different regimes is shown in Figure 6. We can
observe in these plots that for radial probe position r0, that is, the peak
intensity at the atomic column position, the contribution to the scattering
cross-section is 5% or less for any of the integration collection angles. This
probe position has the highest value in comparison to all other probe posi-
tions. However, since the scattering cross-section value is the sum of many
probe positions, the peak intensity value originates from only one probe po-
sition and thus adds up only once.

Next, it is found that for small sample depths (= 1 to 10 atoms), the main
contribution in MAADF and HAADF is predominantly given by the radial
probe position close to the atomic column (= 14 to 42 pm). Indeed, these
pixel values in the image have a very similar value close to the peak intensity
at atomic column position but since there are more probe positions adding to
the cross-section value, their contribution is higher. In contrast, for LAADEF,
the contributions of the different radial probe positions for small thicknesses
does not show a specific trend. This is related to the strong presence of
elastic scattering observed as channelling oscillations.

For large sample depths (/ 20 to 30 atoms), it is observed that the con-

16



tributions of radial probe positions further from the atomic column, that is,
r6 (=~ 84 pm) to r8 (=~ 112-126 pm), is predominant regardless of the inte-
gration regime. This is explained by considering that the atomic column is
strongly excited for these probe positions, as it was discussed in the previ-
ous section, depending on the probe convergence angle used. There is small
interaction for probe positions close to the atomic column at large depths,
since the electrons have already been strongly scattered.

In order to study the contribution of the neighbouring columns, two sets of
simulations are analysed. One set is carried out for the full crystal structure
and the other considers an isolated atomic column. The difference between
the signals of both simulations can be attributed to the interaction of the
probe with the neighbouring columns present in the crystal. Figure 7 shows
the scattered intensity as a function of the number of atoms in the column
for each radial probe position for the different detector integration regimes
for both crystal and isolated atom simulations. In the LAADF signal, one
can observe the channelling oscillations due to the elastic interaction of the
electron wave with the atomic column potential. For probe positions r0
to r5, these channelling oscillations are clearly identified. For these probe
positions, the difference between the signal of the full crystal and the isolated
atomic column simulations becomes noticeable for large sample thickness (&
20 to 30 atoms) whereas for probe positions r6 to r8, these discrepancies
are also present at smaller depths (=~ 2 to 10 atoms). For MAADF and
HAADF, the scattered signal increases monotonically with a small difference
between the full crystal simulation and the isolated atomic column for probe

positions close to the column (= 14 to 70 pm) but a higher difference for

17



probe positions far from it.

The overall contribution of the neighbouring columns to the scattering
cross-section can be observed in Figure 8, in which the total scattered inten-
sity in the cross-section area is plotted with respect to the number of atoms
for the discussed integration regimes. From this plot, we can conclude that
the contribution of the neighbouring columns to the scattering cross-section
is predominantly found at large sample depths (= 20 to 30 atoms), due to

the electron wave dispersion inside the crystal.

4. Conclusions

In this work, an analysis of the propagation of the electron wave inside a
Pt [110] crystal has been carried out in order to understand why scattering
cross-sections provide a more complete measure when compared with peak
intensities. It is observed that for the peak intensity, the atomic column
is excited up to a certain number of atoms whereas for the cross-section it
is excited deeper inside the column by the different probe positions. This
explains why the scattering cross-section shows an increasing behaviour as
compared to the peak intensity, which reaches a saturation plateau at a cer-
tain thickness. Since we integrate over probe positions to obtain the cross-
section, information from different depths is included in this measure. The
results depend on the convergence angle and the broadening of the probe.
Furthermore, contributions from neighbouring columns become important at
higher sample thicknesses because of the wave dispersion inside the crystal.
Depending on the detector collection angles, the contribution to the scatter-

ing cross-section of each radial probe position is different. For LAADF, the
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oscillations due to channeling are identified. For the case of MAADF and
HAADF, the behaviour of the cross-section increases monotonically and the
contribution from probe positions near the column is predominant for small
sample depths. For all collection regimes, the contribution of neighbouring
columns at large sample thickness for probe positions far from the atomic

column becomes important.
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