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Introduction

Knowing where the atoms are, what the atoms are and how they are bonded are fundamental
qguestions connected to the analysis of any modern material. As chemical compositions and atomic
structural arrangements ultimately drive their properties and functionalities, reliable pathways to
explore elemental occurrences in a quantitative manner are key. Generally, in (scanning) transmission
electron microscopy (S)TEM several approaches exist to address the questions of material
compositions, offering differing capabilities and requiring changing analysis procedures. These are on
one hand suitable imaging modes, whereby elastic signal modalities of a kind can be turned into
concentrations via comparisons or normalizations to simulations. Or, by contrast, harnessing inelastic
interactions of electrons with matter, leading to energy-losses of the primary electron beam and
secondary X-rays, with the respective spectroscopies named electron energy-loss spectroscopy (EELS)
and energy dispersive X-ray spectroscopy (EDXS). Even though inelastic analysis concepts have been
established for studies at the micrometer to nanometer scale a while ago, an absolute scale
quantification of inelastic data at the atomic level remains elusive until today. Most of the
complications originate from the physics of the electron beam interaction with the specimen in a zone
axis orientation and the resulting signals, from fundamental uncertainties in the proportionality factors
needed to turn intensities into concentrations, or from the need for accompanying simulations that
often require a priori knowledge about an unknown, to-be<determined structure that potentially
contains defects. The report aims to review the issues, summarizes the findings.within the project, and
gives an assessment of possible solutions.

Dynamic scattering

Figure 1 of this report shall actras,a starting point to illustrate briefly some of the fundamental
phenomena that occur, when a pencil-type STEM probe transmits a single crystal material along a low
index zone-axis.
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Figure 1: Depth- integrated probe intensities and inelastic potentials for various probe positions in the
Sr-K, Ti- K and O-K lines of strontium titanate (STO) (left) on a mixed Ti/O column and (right) at a pure
O column [from 1].
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Within each panel, three different columns are visible that have been obtained with simulations
carried out with USTEM code. In red the propagation and scattering of a 200 kV, aberration-corrected
STEM electron beam with a convergence angle of 22 mrad is displayed, traveling through a ~ 60 nm
thick area of STO. The red cross thereby indicates the beam position. The square denotes the location
of the unit cell (structure on the left), whereas the blue dots represent the ionization probabilities of
the elements Sr-K, Ti-K and O-K. The second column shows the overlap product of these two functions,
with the averaged intensity (over an 8x8 unit cell area and expressed in terms of the deviation from
non-channeling signal) written in the lower right corner. On the right column, the resulting EDXS STEM
map is given for a single unit cell with the pixel indicating the probe position.

f‘ V(R X, 2)|?dz p(X) _};:\v(RX‘:H"([: X pu(X) I(R) ﬂ U(R.X. 2)[?dz p(X) _[;:\LWR‘X.;J\J([: x pu(X) I(R)
(c) (d) ;
< y < -
" "
®oO Oo0O
© o © )0
2
oo 2.41 T S 0.97
R PR
e = *»
0.72 2.62
X - X Iy
o ! o * .
0.90: 1.26

Figure 2: (left) Situation of the probe near.the Sr column and (right) near the Ti/O column [from 1].

In figure 1, the probe is directly on top of atomic columns from Ti/O in the first case and a pure O
column in the second. In both'cases, the'probe is concentrated at the columns, however, in the case
of the Ti/O column, the probe is more strongly attracted to the column, whereas on the pure O site
electrons strongly propagate away from the beam position. The second two probe positions in figure
2 are slightly displaced from the Sr and Ti/O columns. In these cases, even though the probe is not
directly positioned above a column, it gets attracted to, and scattered away from that column. In all
circumstances, the (red) electron beam overlaps to different degrees with the potentials, ultimately
leading to different amounts of extra signal ascribed to the original beam position intensity. Depending
on the crystal structure and the atomic number of the elements that make up the unit cell, inelastic
intensities inevitably yield incorrect concentration numbers imposed by the physics of the dynamic
scattering.

The picture describes what is long known as the channeling and de-channeling of electrons in the
crystal field of a specimen. For atomic resolution imaging, electron channeling is beneficial, since it
enables the focusing of a beam down an atomic column, producing enhanced signals with high
contrast, such as for Rutherford scattering and high-angle annual dark-field images. For a reliable
guantitative analysis based on X-rays or EELS signal, however, one ought to operate under kinematical
conditions and stay away from any bend centers or bend contours — a situation often not applicable
when atom counting is envisioned.
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Figure 3: X-ray spectra from STO taken on-axis [100] and under slightly tilted conditions.

It shall be noted that the signal enhancement leading to'an enhanced X-ray emission compared with
kinematical conditions can sometimes be used to locate, which atoms lie on which crystal planes - a
technique (mostly ignored these days) referred to as ALCHEMI. This effect can be seen in figure 3 and
makes clear that common analysis schemes such as-the Cliff-Lorimer or the {-factor approach (zeta
factor) in EDXS [2], which assume constant emission with specimen tilt, are violated. Similar
considerations hold for a quantitative EELS analysis, albeit the differences in the signal itself.

Quantitative chemical composition analysis with
EDXS and EELS- the fundamentals

For a better understanding of.the conversion path in EDXS and EELS from recorded intensities to
concentrations, a few equations shall bé given. They show the connections between the respective
techniques but also reveal the potential for synergistic use of a simultaneous heavy and light element
analysis, which X-ray and EELS are representing. For EDXS the starting point is the {-factor approach
[2], which has some advantages because of an intrinsic absorption correction.
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Figure 4: Mathematical framework for a EDXS and EELS compositional analysis
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For a pure element in EDXS (line 1), mass-thickness (p*t) is linked via the {-factor to the ratio of the
observed X-ray intensity (I¥), and the dose (D). The other equations are for an element in a compound,
with concentration C and possible X-ray absorption A (middle), and for the relation of the {-factors in
a binary compound (right). In EELS (line 2), the mass-thickness can be expressed as the core loss-
intensity I¥ normalized by the corresponding low-loss integral 15, and inner-shell ionization cross-
section o multiplied by the ratio of the atomic weight AW and Avogadro’s number Nay. From these
equations, it becomes clear that the analytical intensities from EELS and EDXS, measured in one run
under identical conditions, serve to yield the product T * o when normalized by two constants (the
atomic weight AW and Avogadro’s number Nay) and considering the dose D. Explicitly, the product of
the Z-factor and the EELS cross-section ¢ can be expressed through line (3), and for a compound
through line (4).

The table shows that a simultaneous measurement of EDXS and EELS intensities and of the dose, allows
for easy conversion of one into the other. It should be emphasized that the power of light element
EELS analysis can be used to populate C-factors for light elements in EDX, often hard to determine
otherwise. Conversely, EDX C-factors, easy to calibrate for heavier elements, can be turned into EELS
cross-sections even for edges, where theoretical cross-section models are complicated (M, N, O edges).
Unfortunately, however, this linkage also rather clearly illustrates the dependencies of all factors from
the intensities affected by the dynamic scattering.

In general, it became rather evident in the project' within WP5 and WP7 that -whenever possible- a
simultaneous acquisition strategy shall be targeted, offering the.most information gain and flexibility
for chemical analysis. This strategy, howeyer, inevitably must be accompanied by endeavours to
understand and tackle the influence of beam propagation.and to minimize its impact. In addition, ideas
to timely delineate energy-losses and. X-ray events [8] have also helped to make quantification more
accessible. These achievemeénts are outlined in other deliverables for example in D5.4.

Possibilities to handle dynamic scattering effects

Simulation assisted studies

In cases of large compositional changes in the elemental distribution from column to column and
favorable crystal structures, dynamical scattering simulations can be added to an analysis. In WP5 work
by Lammer [3], a procedure was developed to determine the concentration of two elements within
equivalent atomic columns from EELS elemental maps. In a second order Ruddlesden-Popper phase,
relevant in electrochemical and energy applications, the barium and lanthanum concentrations within
the A-sites of Ba;.iLaisFe207; compound have been evaluated.

For this, contributions from on-axis atoms (i.e., at the beam position) and off-axis atoms (i.e., in
nearest-neighbour or next-nearest-neighbour columns) were evaluated separately. The counting
necessitates the on-axis atoms (approximate) removal of any non-local, off-axis contribution from the
experimental signal. This approximately accounts for the amount of artefact intensity caused by the
electron scattering processes). In order to gauge these contributions on the elastic scattering, different
site-specific elemental loadings, represented by the Ba Mys (781 eV) and the La Mys (832 eV) edges,
have been simulated via inelastic multi-slice simulations. In this manner, a comparison of the origin of
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the signal from both elements became possible and the behaviour between A-positions in the
perovskite layer and in the rock salt layer of the structure could be distinguished. That way, a simple
channelling correction mechanism for the experimental data by subtracting a certain amount of the
average-unit-cell-intensity from the measured data was embedded and helped to get the Ba / La
occupancies in each atomic column. It has to be noted that such a correction is valid for a certain
sample thickness only and cannot be applied in general.

Of more general applicability, however, is the procedure developed for the determination of column
concentrations. In short first, the channelling corrected intensities are connected with a newly
introduced factor that entails the EELS cross-sections ¢ for the signals, yet avoiding their explicit
knowledge. Subsequently, a Voronoi cell based statistical scatter plot analysis directly reveals the
clustering of certain La/Ba ratios at atomic sites together with quantitative information obtained from
the slope and intercept. Further details are given in the paper [3].
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Figure 5: Inelastic multislice calculations for 2 beam positions in a second order Ruddlesden-Popper
phase. La on rocksalt layer (yellow, left) and Ba on perovskite layer (grey, right). Extra contributions
from neighboring sites to signal were evaluated (from [3]).

Another different methodology, pioneered by the groups in Oxford and Antwerp, is based on the
combination of EDXS and high-angle annular dark field (HAADF) scanning transmission electron
microscopy. In a recent ESTEEM publication [4], metallic nano-structures such as an Au@Ag core—shell
nanorod, which are interesting because of their unique electronic, optical, or catalytic properties, have
been investigated. The approach expands on the above principle, describing intensities as the overlap
integral of a projected potential and the probe electron density.
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Figure 6: EDX STEM scattering cross-sections as a function of the HAADF STEM scattering cross-
sections. The line shows the linear relationship between the scattering cross-sections of both
techniques for Ce-L in a CeO; nanoparticle(from [4]).

In this case, it was shown that a linear relationship between the TDS, absorptive (for HAADF) and
effective ionization potential (for EDXS) can be expected‘and.thus the menotonic increase of the
scattering cross-section with thickness can be used to count the number of atoms in a column.

number of Ag atoms

number of Au atoms

Figure 7: EDX STEM scattering cross-sections as a function of the HAADF STEM scattering cross-
sections. The line shows the linear relationship between the scattering cross-sections of both
techniques for Ce-L in a CeO; nanoparticle (from [4]).

This novel methodology can also be applied to materials systems, in which elements have almost
identical atomic numbers, thus opening up new opportunities for the analysis of a wide variety of
multi-metallic nanocrystals.
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An important aspect that has to be considered in atomic resolution elemental analysis is the effect of
beam dose to the specimen, potentially leading to damage, vacancy introduction and mass loss. The
small cross-sections associated with inelastic imaging often result in high-dose acquisition strategies
to obtain signals high enough to be subject to quantitative analysis. For this reason, noise filtering
procedures by principal components analysis and acquisitions via high-DQE (EELS) / high collection
efficiency detectors (EDXS) have turned out being beneficial throughout the WPs and have been used
to the largest extent possible. At the same time, novel STEM strategies have been worked on that
aimed at a reduction of dose-accumulation effects. The acquisition of random sparse images combined
with the capability of reconstructing the target image with adapted post-processing techniques has

emerged as an efficient way to reduce total electron dose and dose accumulation effects [5,6,7].
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Image
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Figure 8: STEM-HAADF image of the NdNiOs—LaAlOs (NNO-LAO) interface acquired (a) in the
standard sequential raster scan mode and (b) in the random scan mode. Atomically resolved EELS
spectrum images (i) can be reconstructed after processing (c-k) (from [5]).

Further research related to questions of an atomic level analysis incorporated results from other
spectroscopic techniques to provide additional, indirect support of specific situations in diverse
material systems. These are CL, XPS, Raman, electrical resistivity measurements or similar [refs > 8].
Also, other imaging techniques such as iDPC being more sensitive to light elements are likely to

contribute.

Despite the power of correlative work-flows, however, ultimately innnovations to the microscope scan
engines at the hardware level that yield more flexibility have been identified as a major bottleneck.
Faster scan times, a much-improved beam movement manipulation and generally higher degrees of
freedom for beam stirring at the microsecond range or even shorter, while maintaining atomic

resolution, will alleviate current limitations of STEM imaging — as will be outlined next.

10
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“Kinematic” spectroscopy

Fundamentally, a tilted electron probe (or likewise a specimen tilted out of zone-axis) starts matching
a free-space propagating probe. This assessment comes with the observation that conditions of
“kinematic character” tend to reduce the problems of enhanced or reduced inelastic intensities in
spectroscopy.
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Figure 9: (upper left) STOSpecimen tilted ~2°.away from zone axis and (upper right) diffraction
pattern becoming more kinematic. (below) changing EDXS spectral intensities as a function of tilt and
atom position (at Sr or at Ti/O layer) [unpublished results].

A series of inelastic STEM images tilted to different angles should become intrinsically better
quantifiable. In this light, a STEM beam precessing around a few degrees at every pixel position would
strongly reduce the effects of channelling and dynamic diffraction. The use of this technique has been
extensively studied in diffraction pattern analyses at a lower scale. At the atomic level spatial
information will get averaged out and contrast drops. Nevertheless, atomic resolution information
along different directions will be maintained with the benefit that the average of such images enhances
the accuracy of the data for more faithful numbers.

Technologically, the method of beam precession has not yet been developed to a point where these
experiments are possible at the spatial resolution needed. From the project, it became clear however,
that this type of data acquisition needs to be enforced — along with some changes outlined before.
Talks and negotiations with STEM column and OEM vendors about more powerful implementations
are already on the way. One issue that needs to be overcome is the conflict of precession angle and
spatial resolution, something that requires aberration correctors of a new kind. Only wide-angle
acceptance aberration modules will be able to keep the beam aberrations at a minimum, so that a
kinematic, atomic-level analysis becomes possible. With the next generation STEM microscopes
around the corner, one can expect to see improvements in this specific application soon.

11
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Summary

One aspect in WP5, and the topic in this deliverable, was the question of determining elemental
compositions at the atomic scale accurately. In a nutshell, the problem that needs to be overcome is
the dynamical scattering of the electron beam, which becomes significant for realistic TEM specimen
thicknesses at between 20 and 50 nm. As it stands, image simulations that estimate these effects for
known structures can assist the corrections needed to convert false inelastic signal intensities.
Incorporating other imaging modalities and connecting them with spectroscopies also shows promise
for the analysis of certain material systems. Complicated structures, containing defects and vacancies,
however, impose further far-reaching challenges to STEM techniques. The largest prospects currently
seem to lie in improved beam management. This can not only alleviate dose issues but potentially also
delivers more “kinematic” data. Alongside this, the importance of high-quality thin specimen lamellae
preparation cannot be emphasized enough.
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