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In quantitative scanning transmission electron microscopy (STEM), scattering 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 thickness, scattering cross-sections increase
monotonically. A study of the electron wave propagation is presented to explain the sensitivity of the
scattering cross-sections. Based on the multislice algorithm, we analyse the wave propagation inside the
crystal and its link to the scattered signal for the different probe positions contained in the scattering
cross-section for detector collection in the low-, middle- and high-angle regimes. The influence to the
signal from scattering of neighbouring columns is also discussed.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Quantitative scanning transmission electron microscopy (STEM)
has become a widely used technique to retrieve structural infor-
mation from a material under study. It generally refers to the
analysis of images obtained using a scanning transmission elec-
tron microscope in which the electrons are usually collected using
an annular detector, although detectors with different configura-
tions are also becoming more widely available [1-5]. The choice
of inner and outer collection angles of an annular detector allows
one to collect electrons scattered over a specific angular range re-
sulting 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 imag-
ing [6,7]. Other collection angle regimes enable imaging of light
elements or strained samples [8-10]. 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 quan-
titative methods have been developed to analyse images. The pro-
posed quantitative methodologies 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 [13-19]. The experimental images need to
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be normalised with respect to the incident beam [14,16,20]. In ad-
dition, image simulations need to be performed using models that
describe the electron-sample interaction as accurately as possi-
ble [21-27]. Furthermore, the experimental conditions [28] as well
as the detector’s response [19,20,29-32| need to be known up to
the measurable limits. On the other hand, statistics-based methods
consider a statistical parameter estimation framework to extract
quantitative information from STEM images [33,34]. They make use
of parametric models of which the unknown parameters are esti-
mated by fitting the model to the experimental images using a cri-
terion of goodness of fit. The quantitative information is then re-
trieved 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 to-
mography techniques, these methods allow the three-dimensional
reconstruction of a material at the atomic level [38-40] without
the need of image simulations. The tools of statistical experimen-
tal design can be used to find the optimal microscope settings to
retrieve the information of interest [41-44]. It has also been shown
that a combination of statistics-based and image simulation-based
methods leads to both accurate and precise 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 con-
trast 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 [34-37]| or the pixel integrated
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Fig. 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). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Table 1

Frozen lattice simulations settings
Acceleration voltage HT 300kV
Defocus C; 0nm
Spherical aberration C3 —142nm
Convergence semi-angle o 21 mrad /31 mrad
Spatial incoherence of source FWHM 07 A

LAADF inner collection angle
MAADEF inner collection angle
HAADEF inner collection angle
LAADF/MAADF/HAADF outer collection angle
Detector’s response

Zone axis

Supercell periodicity

Supercell size

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

Pixel size to sample atomic potential

21 mrad /31 mrad
42 mrad /62 mrad
63 mrad /93 mrad
200 mrad
homogeneous (ideal)
[110]

9 x 9 unit cells
2497 x 3531 A?
8.32nm

20

0.1394 A

0.0293 A

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 to-
tal amount of scattered electrons by a single atomic column. A de-
tailed 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 ba-
sis. Furthermore, peak intensities, which correspond to the maxi-
mum intensity recorded at the atomic column position, have been
found to provide less reliable results. The scattering cross-section
has also been found to be robust to probe parameters in con-
trast to peak intensities [47,48]. Previous experimental work has
quantified 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 re-
spect to thickness. In Fig. 1 the increase of scattering cross-section
(left blue vertical-axis) and peak intensity (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 an-
gle (See Table 1). Scattering cross-section axis units are Megabarn
(1Mb = 10~22m2) and for peak intensity, the axis is in fractional
beam current. From this plot, it is clear that peak intensities satu-
rate around ~ 6 atoms, whereas the scattering cross-sections keep
increasing with increasing thickness. Therefore, when trying to dis-
tinguish 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 scatter-
ing cross-sections for the number of atoms in a sample as shown
in Fig. 1. For this, we analyse how the probe propagates through
the crystal and how this process contributes to the peak inten-
sity and to the scattering cross-section 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
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Fig. 2. a) Simulated image of Pt in [110] zone axis using simulation settings de-
scribed in Table 1 for the HAADF case using a 21 mrad probe convergence an-
gle. Depicted distances show the separation between columns for this material. b)
Colour-edited simulated image of Pt and colour labels with their corresponding dis-
tances from the atomic column position. The label XS refers to the scattering cross-
section, which is the summation over all radial probe positions. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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