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Abstract
Quantitative agreement on an absolute scale is demonstrated between experiment and simulation for two-dimensional, atomicresolution elemental mapping via energy dispersive X-ray spectroscopy. This requires all experimental parameters to be carefully
characterised. The agreement is good, but some discrepancies remain. The most likely contributing factors are identified and
discussed. Previous predictions that increasing the probe forming aperture helps to suppress the channelling enhancement in the
average signal are confirmed experimentally. It is emphasised that simple column-by-column analysis requires a choice of sample
thickness that compromises between being thick enough to yield a good signal-to-noise ratio while being thin enough that the
overwhelming majority of the EDX signal derives from the column on which the probe is placed, despite strong electron scattering
effects.
Keywords:
Scanning transmission electron microscopy (STEM), energy dispersive X-ray (EDX) spectroscopy, atomic-resolution mapping,
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1. Introduction
Atomic resolution elemental mapping via energy dispersive
X-ray (EDX) spectroscopy in scanning transmission electron
microscopy (STEM) was achieved in 2010 [1–3]. Like the
long-established high-angle annular dark field (HAADF) imaging mode, STEM EDX images are directly interpretable for
qualitative analysis [4–6]. Also like HAADF [7], quantitative analysis of STEM EDX images requires accounting for
the strong dynamical scattering, also called channelling, of
the electron probe. The consequences of channelling for twodimensional (2D) maps can be broadly grouped into two categories: changes in the relative contrast and changes in the
absolute-scale intensity. The former issue has been explored
by Kothleitner et al. [8], who demonstrated good quantitative
agreement between experiment and channelling-based simulations in the relative signal on different columns, even when,
due to channelling, these ratios bear little resemblance to the
true stoichiometry. Good agreement in relative contrast between simulation and experiments is also evident in the work
of Forbes et al. [9] and Dycus et al. [10]. The issue of
the absolute-scale of the signal was explored by Chen et al.
[11], who demonstrated good agreement between experiment

and simulation in the total number of X-ray counts recorded
for an atomically-fine STEM probe scanned across a SrTiO3
specimen. The present paper unifies these two approaches,
demonstrating absolute-scale comparison between experiment
and simulation for atomic-resolution 2D EDX mapping.
Sufficient signal-to-noise to enable good quality atomic resolution 2D EDX maps is achieved here using a system with
multiple, large-area, silicon-drift detectors (SDD) [4, 6, 12].
The increased complexity of this detector geometry necessitates accurate numerical modelling to determine effective detector solid angle and X-ray absorption in both the specimen
and holder [13, 14]. Achieving good signal-to-noise for 2D images is more challenging than for scan-averaged spectra, especially from very thin specimens. While this can nominally be
compensated for by using thicker samples, this may reduce the
reliability of interpreting the signal on a column-by-column basis, since dynamical electron scattering can spread the probe
appreciably beyond the column on which it is placed [15–17].
Here, experimental and simulation results are combined to produce some sense of the thickness range giving both reasonably
good signal-to-noise and tolerably justifying simple columnby-column analysis.
2. Methods
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2.1. The experiment and materials
EDX measurements were taken on an FEI Titan G2 with a
probe aberration corrector (DCOR, CEOS GmbH) operated at
October 4, 2018

200 keV. The EDX detection system comprises four windowless silicon-drift detectors (SuperX) giving a large collection
solid angle, nominally 0.7 sr [18, 19] though, as discussed in
Sec. 2.2, the present analysis uses values calculated via the
procedure given in Xu et al. [14] combining sample, holder
and detector geometry and X-ray absorption. The high brightness X-FEG gun with monochromator affords much flexibility
in the probe current – ranging from pA to nA – which was used
to compromise between low beam damage and good counting
statistics during EDX measurements. EDX maps were recorded
using probe forming convergence semi-angles of 13.7, 19.5,
21.8, and 45.7 mrad, with the probe current set to 105, 92, 89
and 91 pA, respectively. Data were acquired by frame averaging, using the per frame automatic drift correction method in
the Bruker Esprit acquisition software, confirming via inspection that specimen drift was less than half a unit cell between
successive frames. The live time for each pixel in one scanning frame was 30 µs. More than 200 frames were acquired to
get the final EDX maps, making the total acquisition time for
each pixel about 8 ms. The number of frames varied between
datasets and was accounted for during the data analysis.
The specimen used was SrTiO3 oriented along the [001]
zone-axis. The specimen was prepared with tripod wedge polishing followed by low-energy Ar ion-milling. EDX data were
acquired from a range of different thicknesses. The thickness at
each acquisition area was separately determined via positionaveraged convergent beam electron diffraction (PACBED) [20]
using a probe forming convergence angle of 9.4 mrad and an
L2 -normal comparison with simulation [11].
A normalized cross-correlation method [21] based on a 2×2
unit-cell area template in the simultaneously acquired HAADF
image was used to post-process the raw EDX spectrum image
data cube, averaging roughly fifty 2×2 unit-cell areas, to improve the signal-to-noise ratio prior to background subtraction.
The background shape was determined via the fitting method of
Huang [22] applied to the average EDX spectrum. The resultant background shape was then rescaled for subtraction from
each spectrum in the spectrum image data cube. All quoted
X-ray counts represent the full shell signals for all identifiable
peaks (e.g. Kα +Kβ ) after subtraction of the Bremsstrahlung
background.

the fluorescence yield; Ω, the detector solid angle; and Deff , the
detector efficiency. The current was measured using the drift
tube of a Gatan spectrometer. Fluorescence yields for the Sr-K,
Sr-L and Ti-K peaks were taken from Kahoul et al. [23]; that for
the O-K peak was taken from Hubbell et al. [24]. The X-rayenergy-dependent detector efficiency was taken from Schlossmacher et al. [25]. To compare experiments carried out with
different currents and total acquisition times, the number of Xray counts was normalized by the live time and the beam current
to give unit of counts/s/nA.
The fraction of incident electrons causing ionization events
that can subsequently produce the X-ray peak under consideration, Fion (R, t, Xabs ), must account for the dynamical elastic and
thermal scattering of the electron probe. This was calculated
based on the quantum excitation of phonons (QEP) model [26]
as implemented in the µSTEM simulation suite [27] using the
equation
Z tZ
Fion (R, t, Xabs ) =
I(R, r⊥ , z)Veff (r⊥ )Xabs (z)dr⊥ dz , (2)
0

where t denotes specimen thickness, I(R, r⊥ , z) denotes the
probe electron intensity inside the sample, Veff (r⊥ ) denotes the
effective scattering potential for ionization, and Xabs accounts
for X-ray absorption. For the four detector system, the contributions to X-ray absorption from both the specimen and holder
shadowing depend on the position of the specimen and on the
orientation of the specimen holder, which it was necessary to
vary slightly at each region of varying thickness for best onaxis specimen alignment. The fraction of X-rays reaching the
detector can be expressed as an integration over the emission
angles directed towards the detector of a depth-dependent function, Xspecimen (θ, φ, z), describing the fraction of X-rays generated at depth z transmitted through the specimen, and a function, Xholder (θ, φ), describing the fraction of X-rays transmitted
through or around the specimen holder:
ZZ
1
Xspecimen (θ, φ, z)Xholder (θ, φ) sin θdθdφ . (3)
Xabs (z) =
Ω
Ω
The procedure for describing the sample/holder/detector geometry and calculating the X-ray absorption is given in Xu et al.
[14]. (See Slater et al. [28] for an alternative approach.) For
continuity with Chen et al. [11], Eqs. (1) and (3) separate the
physical solid angle spanned by the detectors from the effects
of absorption in specimen and holder, whereas Xu et al. combine these into an effective solid angle [14]. If X-ray generation is uniform through depth, the r⊥ and z integrations in Eq.
(2) decouple and the absorption correction reduces to multiplication with an average absorption factor. In the presence of
channelling, X-ray generation is not usually uniform with depth
[9, 11]. However, when the large incoherent effective source
size of the present experiment (discussed below) is taken into
account, the generation of X-rays is sufficiently uniform with
depth to allow this simplifying approximation – the error is
on the order of 1% for peak values and a fraction of that for
mean values – which is therefore used in all calculations in this
manuscript.

2.2. Theoretical framework
The measured number of X-ray counts in each peak is taken
as the absolute-scale for the experimental data. EDX simulations for the probe-position-dependent probability of core-shell
ionization can be set on this same scale (Ref. [11] and the reference therein) via:
!
Ω
Deff .
(1)
N(R) = IT Fion (R, t, Xabs ) ω
4π
Evaluating the number of X-ray counts for a particular peak,
N(R) as a function of probe position R, requires determination
of: I, the incident beam current; T , the probe live time; Fion , the
fraction of incident electrons causing ionization events (with
thickness, t, dependent X-ray absorption correction, Xabs ); ω,
2

Since the coherent aberrations are well-balanced, the probe
can be modelled as being aberration-free. The possible exception is defocus. In the experiment, focus was manually adjusted
to maximise the ADF image contrast. Simulations therefore
assume the beam waist to be at the crystal entrance surface
as this tends to maximize the ADF image contrast for all but
the thinnest of crystals [29]. The broadening caused by the
combined effects of finite gun size, instabilities in the probeforming optics, and planar sample drift during the acquisition
are encapsulated into an incoherent effective source distribution. This distribution is assumed to be Gaussian, though recent
work suggests a more detailed characterisation of the distribution can be important [30–32]. It was found that a full-widthhalf-maximum of 2.1 Å for the Gaussian gave the best fit to
the EDX map contrast – defined as the integrated number of
counts from an atomic column divided by the mean counts in
the full image, which ratio is independent of the absolute scale
– over the full range of thicknesses. This relatively large value
is a consequence not only on the gun conditions chosen for
EDX acquisition but also of the acquisition procedure whereby
multiple EDX scanning frames were collected and averaged after cross-correlation alignment using simultaneously acquired
HAADF images. This latter effect is non-trivial: for a single
frame HAADF image recorded during the EDX acquisition we
estimate a Gaussian effective source full-width-half-maximum
value of 1.6 Å. Both values seem largely independent of probeforming aperture angle, suggesting this source size is limited
more by instabilities than source brightness. There was some
evidence of vertical specimen drift during the long EDX acquisition, amounting to an effective variation in focus. To the
extent that this was consistent between acquisitions, its effect is
approximately included in the effective source size.

sample, where the signal-to-noise ratio is very low, show a relatively large discrepancy, with lower count rates in the experiment than in the simulation. (The discrepancy is smaller for
the Sr-L peak than the other two, but this may be an example
of compensating errors since, as shall be shown, the Sr-L signal
seems to be systematically underestimated in the simulation.)
The line profiles for the Sr-L map at 176 Å and for the Ti-K and
Sr-L maps at 387 Å also show notable discrepancies.
As has been well understood in quantitative HAADF imaging [33], quantitative comparison of 2D EDX maps depends on
an adequate modelling of the coherent and incoherent aberrations in the probe. The extent to which uncertainties in modelling the aberrations might be responsible for the discrepancies between experiment and simulation can be gauged from
quantities which are insensitive to these values. To this end, the
plots on the right hand side in Fig. 1 show the mean, column
and minimum intensities for a wide range of thicknesses. The
mean signal should be strictly independent of aberrations due
to the process of averaging over the unit cell [20, 34]. The
column and minimum signals – which, to reduce shot noise
effects, constitute the average signal within a radius of 1.0 Å
around the atomic column and minimum position, respectively,
as determined from the simultaneously acquired HAADF image – should also be relatively insensitive to residual aberrations
[35]. On the whole, the agreement is reasonable, comparable to
previous work [11]. It must be noted, however, that the discrepancies are larger than can be explained by fluctuations due
to counting statistics alone. Note that the discrepancy between
experiment and simulation for the column and minimum counts
has a similar trend to that of the mean counts. This suggests that
the Gaussian shape and source size used, which, recall, was determined by a ratio metric which was insensitive to the absolute
value of the mean, gives a reasonable estimate of the source
size broadening. Moreover, the discrepancies previously noted
in the line profiles for the Sr-L map at 176 Å and the Ti-K and
Sr-L maps at 387 Å are commensurate with the discrepancies
evident in the mean intensities. This suggests these differences
should not be attributed to any particular shortcoming of modelling the probe intensity, as the mean signal is insensitive to
this.
The mean signals, being robust to noise and aberrations, are
a fruitful metric for seeking a better understanding of possible
causes for the remaining discrepancies. That the experimental
results for the Sr-L and Ti-K peaks for the thicknesses around
300 and 400 Å are larger than the simulated results may indicate that the sample thickness is being underestimated. This
is possible because the minima in the L2 -norm used for thickness determination from the PACBED patterns are broader for
thicker samples, making the thickness estimation less precise,
and also because the PACBED analysis is sensitive only to the
crystalline thickness, which is usually slightly smaller than the
sample thickness. That the experimental mean EDX counts for
the Sr-K peak are conversely overall about 10% smaller than
those in the simulation, suggests a systematic error. In particular, since the experimental Sr-K signal is lower than simulation whereas if anything the Sr-L signal is slightly higher than
simulation, the explanation should not lie in amorphous surface

3. Experimental results
3.1. Atomic resolution mapping on an absolute scale
Fig. 1 compares experimental and simulated EDX signals for
the Sr-K, Ti-K and Sr-L peaks using a 19.5 mrad probe-forming
convergence angle. The left side compares 2D maps for three
selected thicknesses. The images in each pair of experimental
and simulated 2D EDX maps use colour maps on the same absolute scale. Subject to noise, both the absolute signal and the
contrast are seen to be in largely good agreement. Despite the
low signal-to-noise ratio for the very thin area, 55 Å, atomic
resolution contrast is clearly seen in those experimental Sr-K,
Ti-K and Sr-L peak EDX maps.
For a more quantitative comparison, the central column of
Fig. 1 shows corresponding line profiles, vertical averages from
the white rectangular regions shown on the maps on the left in
Fig. 1. For the most part this reinforces the agreement seen in
the 2D maps: for the thicker samples, 176 Å and 387 Å, the
intensity distributions in the experimental and simulation maps
are quite similar, and the width, maximum and minimum in
the line profiles show acceptable agreement. However, it also
reveals some discrepancies. The line profiles for the thinnest
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Figure 1: Absolute-scale comparison of experimental and simulated EDX signals for the (a) Sr-K, (b) Ti-K, and (c) Sr-L peaks. Left: 2D maps are shown for three
different thicknesses: 55 Å, 176 Å, and 387 Å. The convergence angle is 19.5 mrad. The incoherent effective source distribution was taken to be a Gaussian with
2.1 Å full-width-half-maximum. Centre: line profiles of the intensity averaged across the 1.6 Å wide white rectangular regions shown on the 2D maps. Right:
comparison between experimental (black solid symbols) and simulated (red open symbols and dashed lines) column, mean and minimum number of X-ray counts
in the 2D EDX maps as a function of specimen thickness. The column and minimum counts constitute the average signal within a radius of 1.0 Å around the atomic
column and minimum positions, respectively. The dashed lines are only guides to the eye: slight variations in holder orientation used for data from the different
thicknesses, leading to slight variation in effective detector collection angle, mean that the point-to-point variation is not due solely to variation in thickness. The
error bars given on the experimental data are the contribution from counting statistics alone.
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layers or sample contamination, but rather in one of the X-rayenergy-dependent factors in Eqs. (1)-(3). The most likely explanation is the detector efficiency taken from the literature: the
efficiency curve is steep in the vicinity of the Sr-K X-ray energies, so relatively small variations in the overall form of the
efficiency curve could lead to appreciable systematic errors for
these peaks. Other contributing factors may include the correction due to the effective solid angle and the X-ray absorption
(due to sample holder occlusion). The contribution from the
secondary fluorescence yield, which is usually very small for
these quite thin specimens with very small angle wedge shape
[36], may also have an effect.
The right hand plots in Fig. 1 obscure discrepancies for thin
specimens, but the discrepancies seen in the line profiles again
prove to be associated with discrepancies more in the robust
metric of the mean signal than in the relative contrast. It may
again be that thickness determination introduces some uncertainty, since there is little structure present in the PACBED patterns for very thin samples and modest errors of a nanometer
or so constitute a large fractional change in material present. In
addition, the adverse effects of beam damage – the total dose
during acquisition was about 5 × 107 e− per Å2 – are proportionally larger for very thin specimens. In the data presented,
reductions in beam current and post-selection of suitable data
sets as judged by comparing HAADF images acquired both
before and after the EDX maps were used to mitigate against
this effect (example before and after images are shown in Figs.
S1-S3 of the supplementary information). Beam damage could
have been further reduced for still lower beam currents [10], but
at the expense of further reducing the count rate.

the mean experimental intensity is about 10-20% larger than
that from simulation. The comparison of simulated and experimental column and minimum intensity shows a similar discrepancy to the mean intensity. As per the discussion of the Sr-K
peak, this again suggests a systematic error. Possible origins of
the discrepancy include the detector efficiency (the efficiency
curve is again quite steep in the vicinity of the O-K X-ray energies), the effective solid angle accounting for X-ray absorption (which is about 50% smaller for 550 Å thickness than it is
for the thinnest region), secondary fluorescence yield, and the
reliability of the peak separation and background subtraction.
In addition, unavoidable hydrocarbon contamination, which is
usually rich in oxygen, is also a possible factor (see supplementary information for EDX spectra showing the presence of the
C-K peak as indicative of hydrocarbon contamination).
3.3. Effects of the probe-forming convergence angle
The results presented thus far use a 19.5 mrad probe convergence angle, a typical value for atomic resolution imaging
in aberration-corrected STEM, but it is worth considering here
the relative merits of different choices of convergence angle for
quantitative 2D EDX mapping. One possible criterion is direct, quantitative interpretability, to which dynamical electron
scattering is generally a hindrance [8, 9]. Chen et al. [11]
previously predicted that the mean EDX signal tends towards
the “non-channelling” result, i.e. the idealization in which dynamical electron scattering does not occur, in the limit of large
probe-forming aperture. The comparison shown in Fig. 3 between experiment and simulation for the mean EDX intensity
for different probe forming apertures together with the predicted intensity from the non-channelling condition confirms
this: the result using a very large convergence angle, 45.7 mrad,
is the closest to the ideal non-channelling case. (As per previous sections, some systematic discrepancies are evident in Fig.
3, especially in the Sr-K and O-K peaks, reinforcing the notion
that they arise from some inaccuracy of one of the multiplicative factors in Eq. (1).)
The advantage of the non-channelling limit is that it is the
domain in which the traditional Cliff-Lorimer “k-factor” analysis [37] is valid, which enables conversion between measured
intensity ratios and elemental concentration ratio on the basis of the ratio of signals expected for isolated atoms. By
contrast, as shown by Chen et al. [11], in the presence of
channelling the k-factor analysis needs to be augmented by a
thickness-dependent channelling correction. Fig. 3 shows the
non-channelling limit is not reached: there are 20% more EDX
counts in the 45.7 mrad case than in the ideal non-channelling
result. However, linearity of the number of X-ray counts with
thickness is better than at lower aperture sizes, meaning that
the thickness-dependence of the needed channelling correction
is weak. It should therefore be possible to reliably use measurements or simulations from certain known thicknesses to predict
the counts for other thicknesses, facilitating EDX quantification
in real material systems.
While very large probe convergence angles may simplify
assessment of average composition, they are not necessarily

3.2. O-K EDX maps
The background fitting method of Huang [22] was not
deemed reliable in the vicinity of the O-K peak due to the proximity of nearby peaks, e.g. the C-K peak. Rather, a linear background was fitted from the minimum positions in the spectrum
before and after the overlapping O-K and Ti-L peaks. The O-K
and Ti-L peaks were then separated via a linear least-squares fitting procedure in which the amplitude and width of three Gaussian functions were allowed to vary while their energy positions
were fixed to the known locations of the Ti-L1 , Ti-Lαβ and OK peaks. This method for separation of Ti-L and O-K peaks
requires much better signal-to-noise of the spectrum. Therefore, to increase the fitting confidence, a 5×5 pixel box average
was applied to the experimental EDX data cube prior to the
background subtraction and Gaussian fitting procedure in producing the maps, column, mean and minimum EDX counts of
O-K peak shown in Fig. 2. The difference in channelling along
the mixed TiO and pure O columns [9] and the large effective
source size make the two different O-bearing columns difficult
to clearly identify in the 2D maps of Fig. 2(a). Nevertheless,
column signals from two different column positions are given
in Fig. 2(b) on the basis of the known SrTiO3 structure.
The experimental and simulated 2D maps in Fig. 2(a) have
colour scales set to the individual image maxima and minima,
revealing them to have similar contrast. However, their absolute scale intensity differs appreciably. Fig. 2(b) reveals that
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Figure 2: Comparison between experimental and simulated O-K EDX signal in (a) 2D mapping and (b) mean, column and minimum numbers of X-ray counts. Note
that there are two different O-bearing columns: mixed TiO columns (square symbols in (b)) and pure O columns (triangular symbols in (b)). Black solid symbols
and red open symbols represent the experimental and simulated data, respectively.

Figure 3: Comparison between experimental (filled symbols) and simulated (open symbols and dashed lines) mean intensities as a function of sample thickness for
the (a) Sr-K, (b) Ti-K, (c) Sr-L, and (d) O-K peaks. Results are shown for three different convergence angles – 13.7 mrad (black), 21.8 mrad (red) and 45.7 mrad
(green) – along with the simulated non-channelling prediction (black short-dashed line).

favourable for atomically resolved 2D EDX mapping. Intriguingly, Fig. 4 shows that atomically-resolved contrast can be

seen in the HAADF and EDX maps for the 45.7 mrad convergence angle case, despite the aberrations present in this probe –
6

the upper limit angle of flat phase area in the Ronchigram, i.e.
that with a phase shift less than π4 rad, is only 24 mrad. Nevertheless, while the presence of atomically-resolved features offers some sense of where the probe is on the specimen, this
is not to say that column-by-column analysis is possible here.
Rather, probe spreading [38] and the probe tails arising from
aberrations means the signal at any nominal probe position actually contains a significant admixture of signal from a wider region of the sample. Since the motivation for high-resolution 2D
mapping is usually to reliably map localized features, smaller
probe-convergence angles are to be preferred, even though they
will necessitate channelling effects be taken into account for
quantitative work.
(a)

HAADF image

(b)

difficult to reliably determine the thickness, and surface oxides,
amorphous layers and beam damage constitute a larger fraction
of the recorded signal. These limitations can all be overcome
by using thicker specimens. However, as has been much emphasised in the literature [15–17], dynamical probe scattering
and spreading means that the reliability of column-by-column
analysis reduces with increasing specimen thickness because an
increasing fraction of contributions to the recorded signal may
originate through scattering events from columns other than that
on which the probe was placed. This is particularly acute for
HAADF [15–17], because all atomic species contribute to the
signal, and electron energy loss spectroscopy [39], because of
the delocalization of the signal. The issue has been less explored for atomic resolution EDX mapping. Nevertheless, it
is anticipated that atomic scale quantification will be most reliable for intermediate specimen thicknesses that compromise
between being thick enough to obtain enough X-ray counts to
give an adequate signal-to-noise ratio and being thin enough
that column-by-column analysis is not undermined by probe
spreading.
To visualize probe spreading in the present case study, Fig. 5
shows the electron intensity distribution in both through-depth
and in-plane cross-sections within the SrTiO3 crystal. While the
intensity has been clipped to enhance the visibility of the structure for low intensities, significant beam spreading can clearly
be seen for both the Sr and TiO columns. Following Eq. (1),
contributions to EDX come from the overlap integral between
the probe intensity and the effective scattering potential for ionization. The latter is highly localized for EDX, whereas the former can be quite diffuse away from the column under the probe.
The visual impression of probe spreading given by Fig. 5 therefore does not tell the full story: it accurately reflects the sizeable fraction of electron density diffusely spreading to significant distances from the column on which the probe is placed,
but does not readily allow one to judge what fraction of this intensity is in close proximity to atomic columns, which is what
actually determines how much those columns contribute to the
total EDX signal.
Inner shell ionization can, to an excellent approximation, be
treated on an atom-by-atom basis [40]. In simulation, it is therefore possible to unambiguously decompose the effective scattering potential Veff (r⊥ ) in Eq. (2) into a sum over each individual
atom. Consequently, the total signal can likewise be unambiguously decomposed into the contribution from each individual
atom, or, more usefully for the present purpose, each individual
column. In this way, the EDX signal for a given probe position can be decomposed to identify how much of that signal
comes from the column underneath the probe, and how much
from more distant columns as a result of probe scattering and
spreading. The results of this exploration are shown in Fig. 6.
The case of Sr K-shell ionization is given in Fig. 6(a) for
the probe placed directly above a Sr column. This shows that
for specimens thinner than around 250 Å, more than 95% of
the signal derives from the column directly under the probe,
whereas by a thickness of 600 Å more than 15% derives from
columns other than that directly under the probe. (For Ti-K
case, not shown here, more than 95% of the signal derives from
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Figure 4: (a) HAADF image, (b) Ti-K map, (c) Sr-K map, and (d) Sr-L map for
a 45.7 mrad probe-forming convergence angle and a 137 Å thick specimen.

Fig. 3 shows that channelling, while hindering quantitative analysis, in some respects aids qualitative analysis: for the
same beam current and acquisition time, the mean number of
EDX counts increases for decreasing aperture size. Large signal means better counting statistics and so improved signal-tonoise. The question of optimizing probe convergence angle to
achieve both good contrast in the atomic-resolution image and
good overall signal-to-noise is addressed in Dycus et al. [10]
and will not be repeated here. However, recognising that the
lower probe convergence angles which strike this balance are
those for which dynamical electron scattering effects are pronounced, the question of reliably mapping local features, i.e.
column-by-column interpretability in atomic-resolution imaging, should be examined further.
4. Reliability of column-by-column analysis for atomic resolution STEM EDX
As seen in Fig. 1, quantification of EDX maps for thin samples presents challenges: the EDX signal from a thin specimen
is quite weak, meaning the statistical uncertainty is large, it is
7

Figure 5: Distribution of the electron probe density as it channels within SrTiO3 for two convergence angles, 13.7 mrad and 19.5 mrad, with the probe positioned
on the (a,c) TiO column and (b,d) the Sr column. (e,f) Cross section views of the electron probe density at specified depths to show the spreading of the probe at
different conditions. Note: effective source size is not included in these simulations.

the column directly under the probe up to a thickness of 400 Å.)
Beyond about 250 Å, the absolute contribution from the probe
under the column saturates – almost all the gain in signal obtained by using still thicker samples comes from columns other
than that on which the probe is placed. Indeed, the additional
contributions come from the combined effect of columns a significant distance away. In other words, beyond this thickness it
is highly questionable as to whether the nominal gain in signal
represents usefully interpretable information. Fig. 6(d) looks at
the decomposition of the total Sr K-shell ionization signal with
the probe placed above the TiO column. The TiO column is the
location of the minimum in the 2D Sr-K peak EDX maps, which
is sometimes regarded as the “background” or “non-columnresolved” signal in 2D STEM images [41]. However, the differences in the attribution to different columns between Figs.
6(a) and (d) suggest that the picture of column-resolved and
non-column-resolved signal should not be taken too literally in
quantitative work – this distinction can only be reliably established through simulation.

600 Å. For both these thicknesses, the accumulated percentage contribution for both Sr-K and Ti-K is shown as a function
of the distance away from the column on which the probe is
placed. For example, Fig. 6(b) shows that, for the 19.5 mrad
probe-forming convergence semiangle, 95% of the total Sr-K
signal contribution comes from columns within a fairly localized one unit-cell (3.9 Å radial distance) of the Sr column under
the probe for a 300 Å thick sample, whereas the more delocalized three unit-cell’s radial distance is needed to account for
the same percentage of the total signal if the specimen is 600
Å thick. For the Sr-K off-column case, accounting for 95% of
the signal involves a three unit-cell’s radial distance for a 300
Å thick sample and more than four unit-cell’s radial distance
for a 600 Å thick sample. For Ti-K, the corresponding radial
distances are a little smaller, but certainly of the same order as
that for Sr-K. It should be emphasised that this discussion represents a best case scenario of the probe being exactly centered
on the column. Once the effective source size and integrated
column signal are included, the percentage contribution of signal from more distance columns is expected to increase [32].
This is confirmed in the supplementary information, Fig. S5,
for the Sr-K signal when the probe is on the Sr column.

Figs. 6 (b), (c) and (e), (f) present an alternative way of
showing how far afield some of the contributions to the total
EDX signal come from for a given probe position. Two thicknesses in the range where there are significant contributions
from other columns have been chosen, specifically 300 Å and

It is interesting to note that the spatial distribution of the accumulated percentage contribution for probe-forming conver8

Figure 6: Contribution from different atomic columns to the total EDX signal at fixed probe positions. The total thickness-dependent Sr-K intensity for the probe
on the (a) Sr and (d) Ti column is decomposed into the total contribution from the Sr columns a distance d away from that on which the probe is placed, assuming a
13.7 mrad probe-forming aperture. The inset structural models (3×3 unit cells; oxygen atoms not shown) show the probe position (black rectangle) and indicate the
distances d to nearby Sr columns. For the selected thicknesses of 300 Å (solid line and filled symbols) and 600 Å (dashed line and open symbols) and four different
probe-forming convergence apertures, the percentage contribution to the total EDX signal from the columns within the distance given on the horizontal axis of the
fixed probe position is shown for: (b) Sr-K signal with the probe on a Sr column; (e) Sr-K signal with the probe on a Ti column; (c) Ti-K signal for the probe on
a Ti column; and (f) Ti-K signal for the probe on a Sr column. The dashed lines in (b), (c) and (e), (f) are a guide-to-the-eye – columns only occur at the discrete
distances marked by the symbols. Note: effective source size is not included in these simulations.

gence angles in the range from 13.7 to 30 mrad – typical of
experiments on aberration-corrected instrument – are quite similar when the probe is on the atomic column of interest. Only
for the very large convergence angle of 45.7 mrad does an appreciably larger fraction of the signal come from further afield.
With the probe in the signal minimum position, on the TiO
column when looking at the Sr-K signal or on the Sr column
when looking at the Ti-K signal, the “delocalization” of the signal, i.e. the size of the region away from the probe location in
which most of the signal is generated, increases with increasing
probe-forming convergence angle, qualitatively consistent with
expectations for geometric probe spreading.

be incorporated [9] or corrected [42], assuming the structure is
well known. This may be the case for perfect crystals, but it is
less likely for defect structures, such as dislocation cores, interfaces and surfaces. For such cases it may be preferable to work
within a domain which warrants reasonable confidence that the
overwhelming majority of the recorded signal comes from the
column underneath the probe.
5. Conclusion
In summary, generally good absolute-scale quantitative
agreement between simulation and experiment in two dimensional atomic resolution EDX maps has been demonstrated.
The most pronounced discrepancies, in the Sr-K and O-K
peaks, appear to be systematic, and various technical details
that could cause such discrepancies have been discussed. This
analysis shows that careful characterization of the experimental
set-up will be a critical factor when seeking to apply quantitative EDX analysis in practice, especially in view of the more
complex detector geometry necessary to obtain sufficient X-ray
counts for atomic-resolution mapping on thin samples.
For SrTiO3 and 200 kV electrons, we suggest that samples
in the thickness range 150-200 Å represent a good compromise
between the competing considerations of the specimen being

In summary, a relatively thin area should be chosen for quantitative EDX mapping at atomic resolution. Even then, dynamical scattering would necessitate simulations be used to reliably
draw the quantitative correspondence between the number of Xray counts measured and the number of atoms in a column. In
principle, extremely thin specimens (much less than 50 Å [11])
might allow channelling to be neglected. However, in practice it
would make for an extremely challenging experiment to obtain
sufficient signal-to-noise in 2D maps from such samples without adverse effects from beam damage. If committing to performing simulation anyway, the interpretive complications that
arise from probe spreading for larger specimen thickness could
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sufficiently thick as to provide good signal-to-noise while being sufficiently thin that column-by-column analysis is reliable.
Though the notion that simple column-by-column analysis requires a thickness compromise between maximizing signal-tonoise ratio while minimizing contributions from other columns
in general, the numerical values given here are likely specific to
this material and accelerating voltage.
This work used a known structure as a test case to establish the reliability of atomic resolution 2D EDX mapping on an
absolute scale. Provided that channelling effects can be either
incorporated or minimized, this capability should enable measured EDX intensities to be interpreted in terms of the number
of atoms present, which is especially useful for nanoscale material systems, such as nanoparticles, defects and interface structures, in which relative concentration is either not well defined
or else not particularly useful. Compared with atomic counting
via quantitative HAADF [43, 44], EDX mapping has several
benefits. In particular, it permits unambiguous elemental analysis, even in systems with elements of similar atomic number
or with more than two kinds of elements in one atomic column.
The sensitivity to detect dilute dopants by EDX analysis is also
potentially better if the signal-to-noise of EDX spectra can be
further improved.
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Supplementary information
Monitoring specimen damage
Figs. S1–S3 show HAADF images taken before and after the EDX acquisition for the three thicknesses
considered in Fig. 1 in the main manuscript for the 19.5 mrad probe-forming semi-angle case. For each
thickness, the before and after images are shown on the same intensity scale. For the thinnest region
(Fig. S1), the comparison of before and after images shows some evidence of beam damage. For the
thicker regions (Figs. S2 and S3), there is little visual evidence of appreciable beam damage.
before

after

Figure S1: HAADF images of area 01 (thickness 31 Å), before (left) and after (right) the EDX map
acquisition. The red square is a marker of the area for EDX mapping.

Figure S2: HAADF images of area 04 (thickness 55 Å), before (left) and after (right) the EDX map
acquisition. The red square is a marker of the area for EDX mapping.

Figure S3: HAADF images of area 08 (thickness 387 Å), before (left) and after (right) the EDX map
acquisition. The red square is a marker of the area for EDX mapping.

Hydrocarbon contamination
It is expected that the presence on the sample surfaces of hydrocarbons, which may contain oxygen, may
have some small influence on the O-K EDX signal. Fig. S4 shows the total EDX spectra for two different
thicknesses. The carbon peak, indicative of surface hydrocarbon contamination, is visible in both cases,
and significant compared to the O-K peak for the thinner sample. However, without knowing the
stoichiometry of the hydrocarbon contamination, their impact on the O-K signal is difficult to quantify.
We note in passing that the before and after HAADF images in Figs. S1–S3 show little evidence of
contamination build-up during recording – the contamination present appears to be predominantly
static.

Figure S4: EDX spectra from two different scanning areas – thickness 55 Å (left) and thickness 387 Å (right)
– using probe-forming semi-angle 19.5 mrad and averaged over the scanning area, showing possible
hydrocarbon contamination (C-K peak).

Influence of source size on the reliability of column-by-column analysis
Fig. 6 of the main manuscript explores the decomposition of the total EDX signal when the probe is
directly above a particular column into the contribution from that column and the contributions from
columns further away. That analysis ignored the effective source size. However, previous work has
shown that effective source size and integrated column signal reduce the percentage contribution of
signal from the column nominally under the probe and increase that from more distance columns [32].

Figure S5: Contribution from different atomic columns to the total EDX Sr-K signal at fixed probe positions,
with 19.5 mrad probe-forming semi-angle. (a) Coherent probe, probe on the Sr column; (b) coherent
probe, integrated signal within a disk of radius of 1 Å around the Sr column; (c) and (d) similar conditions
as (a) and (b) but with a Gaussian source size broadening, FWHM=2.1 Å; (e) and (f) three selected
thickness 200 Å, 300 Å, and 600 Å for both coherent probe and source size broadening case with probe on
the Sr column and integrated area around Sr column, respectively.

Fig. S5(a) reproduces Fig. 6(a), the decomposition of the Sr-K signal when the probe is above an Sr
column. Fig. S5(b) shows the same decomposition, again assuming a coherent probe but considering the
column signal to be the integrated signal within a disk of radius 1 Å about the column. Figs. S5(c) and (d)
show how Figs. S5(a) and (b) change when an effective source size of 2.1 Å is included. The results are
consistent with our expectations.
Fig. S5(e) and S5(f) show the accumulated percentage contribution for Sr-K as a function of the distance
away from the column on which the probe is placed. This reveals that all columns in the region
considered contribute a smaller fraction of the overall signal when effective source size is included. We
conclude that effective source size has enlarged the “interaction volume”, increasing the contribution
from columns still further afield.

