
This is the preprint. The Published Journal Article can be found at 
https://doi.org/10.1016/j.ultramic.2017.08.020 
 
© 2018. This manuscript version is made available under the CC-BY-NCND 4.0 license 
https://creativecommons.org/licenses/by-nc-nd/4.0 

A menu of electron probes for optimising 
information from Scanning Transmission 

Electron Microscopy  
D.T. Nguyen a, S.D. Findlay b & J. Etheridge a,c 

a Dept. of Materials Engineering, Monash University, VIC 3800, Australia 

b School of Physics, Monash University, VIC 3800, Australia 

c Monash Centre for Electron Microscopy, Monash University, VIC 3800, AustraliaAbstract 

We assess a selection of electron probes in terms of the spatial resolution with which information 
can be derived about the structure of a specimen, as opposed to the nominal image resolution. 
Using Ge [001] as a study case, we investigate the scattering dynamics of these probes and 
determine their relative merits in terms of two qualitative criteria: interaction volume and 
interpretability. This analysis provides a ‘menu of probes’ from which an optimum probe for tackling 
a given materials science question can be selected. Hollow cone, vortex and spherical wave fronts 
are considered, from unit cell to Angstrom size and with different defocus and specimen 
orientations.  

 

1. Introduction 

With recent improvements in electron optics, atomic resolution scanning transmission electron 
microscope (STEM) images and spectroscopic maps have become readily achievable. However, 
possessing atomically-resolved features does not guarantee an image provides atomic resolution 
information [1]–[7]. Electron probes focused to an atomically-fine cross-over scatter such that the 
signal from a given probe position may include contributions from a sample volume extending well 
beyond the column beneath the probe [1]–[7].  Fig. 1 illustrates this point. In STEM images that 
resolve atomic columns, it can be tempting to assume the signal arises from only those atoms in the 
column upon which the probe is placed (Fig. 1(a)). However, in all but the thinnest of samples the 
probe scatters beyond its initial impact point, ensuring an appreciable contribution from atoms in 
adjacent columns (Fig. 1(b)). This raises two interrelated questions:  How can we tune the electron 
probe to optimise the information resolution, irrespective of the nominal image resolution? And 
how can we best tailor the probe to control the spatial origin of the ADF-STEM signal and optimise 
interpretability?  

In this work, we present a ‘menu’ of electron probes and assess their relative merits. Each probe 
delivers a different scattering dynamic and spatial sampling, from which the most suitable probe for 
a given task can be selected.  In particular, we assess this suitability using two qualitative concepts – 
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‘interaction volume’ and ‘interpretability’, to be defined presently – with the nominal spatial 
resolution of the image being of less importance. 

By ’interaction volume’ we mean the volume of specimen that has scattered the electron probe with 
sufficient ‘weight’ to make a significant contribution to the ADF-STEM image. In Fig. 1, those atoms 
deemed to make a significant contribution are shaded (darker shades mean greater contribution), 
and the dashed lines indicate the boundary of the interaction volume containing these atoms. In the 
scenario in Fig. 1(a), the interaction volume is a single atom wide, matching the nominal resolution 
of the incident probe and ADF-STEM image. In the scenario in Fig. 1(b), the spreading of the electron 
probe through the crystal leads to atoms from several atomic columns being sampled. As such, the 
interaction volume is nanoscale and the likely information resolution is much lower than the image 
resolution. 

By 'interpretability' we mean the degree to which the shape of the interaction volume, and the 
distribution of scattering weight within it, can be estimated without detailed scattering calculations. 
The scenario depicted in Fig. 1(a) supposes that each atom in the column contributes to the signal 
with equal weight, regardless of its position in the column. If achievable, this would enable a straight 
forward interpretation providing information with atomic resolution. It would be particularly helpful 
for certain materials problems, such as identifying the type and (lateral) position of single atomic 
defects in crystals.  In the scenario depicted in Fig. 1(b), each atom within the volume contributes to 
the ADF-STEM image with a different weight, adding to the complexity of interpretation (unless the 
structure is homogeneous and/or the interaction volume and scattering weight could somehow be 
known a priori).  

There have been many studies [2]–[11] investigating the effect of various parameters on the 
scattering dynamics of the probe which have informed our choice of which parameters to 
investigate here, namely convergence angle, probe defocus and specimen orientation.  While larger 
convergence angles give better STEM image resolution compared to smaller angles [12], they also 
result in a larger lateral dispersion of the probe [5], exacerbating the potential disconnect between 
image resolution and information resolution. Defocusing the probe and tilting the specimen away 
from major zone axes have been identified as a means to mitigate ‘channelling’ effects of the probe 
[13]–[16] – in this context, channelling has been used to mean the tendency for the probe electrons 
to preferentially travel down atomic columns [17] – and are thus anticipated to aid interpretability. 
We also investigate hollow cone [18] and vortex [19] probes, which offer intrinsically different 
scattering dynamics [10], [20]. 

Unfortunately, the complexity of scattering is such that no single probe configuration considered 
here is unilaterally better than the others in terms of interaction volume and interpretability.  
However, we emphasize the relative strengths and weaknesses of the different configurations for 
certain materials applications and scenarios, such as identifying single atom dopants or their use in 
high-resolution EDX and EELS. 



 

Figure 1: The interaction volume is defined by the volume of the specimen that has scattered the 
electron probe with sufficient ‘weight’ to make a significant contribution to the ADF-STEM image. 
The boundary of the interaction volume is indicated with the dashed line. The relative weight with 
which scattering from different atoms contributes to the ADF-STEM image is indicated here by the 
tonal difference of the spheres (deeper shade corresponding to stronger signal contribution). Two 
different scenarios are shown: (a) channelling along a single column is dominant and (b) probe 
spreading occurs in the specimen. 

 

2. Calculating the contribution of each atom to the ADF-STEM signal 

To understand the spatial resolution of the information contained within an ADF-STEM image, we 
calculate the spatial origin of the signal reaching the ADF detector.  It is important to note that the 
spatial origin of the signal is a consequence of - but not the same as - the extent of the scattered 
electron wave function within the crystal (the latter having been studied previously under a variety 
of conditions [2]–[6], [10]). 

All calculations assumed an aberration-free 300kV probe. The spatial coherence function of the 
probe was described using a Gaussian with a FWHM of 0.8 Å. An ADF detector with an inner angle of 
50 mrad and an outer angle of 200 mrad was used. Ge [001] was used as the test case since all 
atomic columns are identical, which serves to isolate the effect of ADF-STEM signal mixing from 



other effects which may arise from a difference in atomic number. Multislice calculations were 
carried out on a supercell comprising a 6×6 tiling of the conventional cubic unit cell, sampled at 
512×512 pixels. Tilting was implemented through the multislice algorithm for large probe tilt using 
the method outlined in Ref. [21]. Calculations were performed using in-house code. 

To identify the contribution from each atom to the ADF-STEM image, we use an effective scattering 
potential model to calculate the ADF STEM images [22]:  

𝐼𝐼(𝑹𝑹) = ∫ ∫ |𝜓𝜓(𝒓𝒓⊥, 𝑧𝑧,𝑹𝑹)|2𝑉𝑉eff(𝒓𝒓⊥, 𝑧𝑧)𝑑𝑑𝒓𝒓⊥𝑑𝑑𝑧𝑧    (1) 

where 𝜓𝜓 is the wavefunction of the elastically scattered probe electrons in the sample, calculated 
assuming an absorptive potential for thermal diffuse scattering, and 𝑉𝑉eff is the effective scattering 
potential which includes information about the detector geometry. In the Einstein model for thermal 
scattering, 𝑉𝑉eff is the sum of individual atom potentials. Though known not to be as quantitatively 
accurate for thicker samples as the frozen phonon model [11,12], the advantage of this model is that 
the ADF-STEM signal can be unambiguously decomposed to identify the individual contributions 
from each atom: 

𝐼𝐼(𝑹𝑹) = ∑ 𝐼𝐼𝑖𝑖(𝑹𝑹)𝑖𝑖       (2a) 

𝐼𝐼𝑖𝑖(𝑹𝑹) = ∫ ∫ |𝜓𝜓(𝒓𝒓⊥, 𝑧𝑧,𝑹𝑹)|2𝑉𝑉eff
𝑖𝑖 (𝒓𝒓⊥, 𝑧𝑧)𝑑𝑑𝒓𝒓⊥𝑑𝑑𝑧𝑧     (2b) 

where i indexes the atoms present. Equation 2b identifies the contribution from scattering from 
each atom to the total recorded ADF-STEM signal (for each probe point). We will refer to this as the 
‘signal contribution’. With suitable wavefunction normalisation, equations 1 and 2 give the recorded 
intensity (or current) as a fraction of the incident intensity (or current).  All ADF-STEM signal 
contributions given in this paper will be expressed in these units. 

 

3. Menu of Probes 

A number of different probe scenarios were simulated and compared using the criteria of interaction 
volume and interpretability, as defined in the introduction. Each probe is presented on its own 
merit, and compared to the others on the basis of possible applications.  

 

3.1 Convergence angle 

The advent of aberration correctors has enabled correction of 3rd and, in some instruments, partial 
correction of 5th order aberrations, minimising aberrations within a large angular range and thereby 
enabling the generation of atomically-fine probes. However, larger convergence angles bring greater 
lateral spreading and scattering [5], which can mean a larger volume of specimen is sampled, despite 
the nominal atomic resolution of the image. It is therefore worth asking whether there are 
circumstances where reducing convergence angle, with its concomitant reduction in image 
resolution, might actually achieve superior information resolution.   

This question is particularly pertinent when we consider that quantitative analysis of images taken 
with atomically-fine probes using large illumination apertures often involves integration of image 
intensity around some spatial region: a column, a Voronoi cell or even a unit cell area. This allows for 
a more robust signal than that of peak height alone by reducing the sensitivity to noise and both 
coherent and incoherent aberrations [25]–[28]. This processing reduces the image resolution to that 



achievable with a smaller convergence angle/larger probe, but the scattering within the specimen, 
and hence interaction volume, will be different.  In the terms of this paper, the image resolution in 
each case will be equivalent but the information resolution is different. If a smaller convergence 
angle can provide equal or greater information resolution, it would have added benefits, such as 
reduced radiation dose, and an aberration corrector, with its complexity and expense, would not be 
needed.   

To address these questions, we perform simulations with varied convergence angles to investigate 
the effect this has on the localisation of information attained from STEM imaging. Calculations were 
done using convergence angles of 3 mrad, 14.7 mrad and 25 mrad. 3mrad was chosen as, in the case 
of Ge [001], the CBED disks touch but do not overlap, leading to unit cell resolution but not atomic 
resolution.  The angle of 14.7 mrad was taken as it represents the optimum coupling between the 
300 keV electrons and the s-state of the Ge columns, a circumstance expected to favour the 
channelling of electrons along the column [29], [30]. Both 14.7 and 25 mrad angles give clear 
atomically defined features, with 25 mrad being typical of what modern 3rd order corrected electron 
microscopes allow. In the interests of brevity, the expressions '3 mrad probe', '14.7 mrad probe' and 
'25 mrad probe' will be used to refer to a convergent STEM probe with a convergence semi-angles of 
3 mrad, 14.7 mrad and 25 mrad, respectively. 

To find the signal contributions in a given area of the final image that is contributed by a given atom, 
we average the image intensity within Voronoi cells located around the individual column positions 
[25]–[27], [31]. By construction, a Voronoi cell constitutes the set of points closer to the location of 
the column in question than to any other column. Each atom’s contribution is shown in its crystal 
plane, or ‘slice’, of the full specimen perpendicular to the chosen zone axis. In this way, it is possible 
to visualise how the contributions made by each atom to the final image depend on the different 
electron probes and specimen orientation. The probe was situated above the atom represented by 
the cell in the centre of each image.  

Using this graphical representation, Fig. 2 shows the lateral spread of the interaction volume for a 3, 
14.7 and 25 mrad probe through the use of Voronoi cells. While the 25 mrad convergence angle 
gives an initially finer probe, it quickly disperses onto neighbouring columns due to the electrons 
having more lateral momentum, leading to a large interaction volume despite the initial narrow 
probe. A similar pattern emerges for the 14.7 mrad probe, albeit with less geometric spreading of 
the interaction volume, broadly consistent with the significant coupling of the electron probe to the 
Ge column 1s-state. The 3 mrad probe, while initially sampling a larger area on the specimen 
surface, does not experience the same relative increase in the interaction volume when compared 
with the other two probes. The use of a smaller convergence angle therefore leads to a more 
confined region being sampled when the probe is on top of a column – qualitatively consistent with 
the expectations of geometric probe spreading, albeit the quantitative details still depend on the 
detailed scattering behaviour.  

While no longer giving atomic resolution images, the smaller 3 mrad convergence angle allows the 
interaction volume to be more localised for thicker specimens. This interaction volume roughly 
spans that of a unit cell, similar to the nominal spatial resolution of the corresponding image. This is 
opposed to the larger 25 mrad convergence angle, whose interaction volume is much greater than 
its nominal spatial resolution. 

 



 

Figure 2: Cross-section of the signal contributions from individual atoms to the ADF-STEM image at 
three different depths for a convergence angle of 3, 14.7 and 25 mrad. The units on the side bar 
show the fraction of the number of electrons from the initial electron probe being scattered into 
the ADF detector by the individual atom. The right most panel for 14.7 mrad and 25 mrad have 
been split in two, the left side with its contrast normalised to that slice, and the right side with its 
contrast consistent with their respective colour bar.  

 

The 2D Voronoi cell representation presented in Fig. 2 allows information about the lateral spread of 
the signal to be readily visualised, but the information about the depth uniformity of the signal per 
atomic column is less obvious. Fig. 3 presents the signal contribution to the final ADF-STEM image 
from atomic sites directly under the incident probe position. This was taken as the averaged 
intensity originating from a Voronoi cell around the central atom in each ADF-STEM slice. As 
expected, the 14.7 and 25 mrad probes result in very little depth uniformity in signal contribution. 
The atomic sites which have the highest contribution come from near the top of the column due to 
the narrow initial probe formed at the surface, consistent with past studies [1]. This is not the case 
with the 3 mrad probe, where the fraction of signal each atomic site in the column contributes 
pulses periodically with depth. 



 

Figure 3: Signal contributions to the ADF-STEM image with respect to depth after integrating over 
a Voronoi cell around the probe-centred atomic column. The units on the side bar show the 
fraction of the number of electrons from the initial electron probe being scattered into the ADF 
detector by the individual atoms. 

Fig. 4 shows a rendering of the interaction volume, for the same microscope conditions used in Figs. 
2 and 3. It is important to note that while visually similar, these renderings do not represent the 
electron wavefunction or intensity distribution, but rather the relative contributions from each 
atomic position to the final ADF-STEM image. Each voxel represents the contribution to the ADF-
STEM signal originating from a single atom.  

While not a strictly quantitative analysis, these visualisations give an immediate impression of the 
differences in interaction volume between probe types. A 3 mrad aperture provides an interaction 
volume which maintains a relatively consistent width throughout the thickness of the specimen. The 
3D renderings of the 25 mrad and 14.7 mrad probe interaction volumes reveal two components: one 
component bound to the central column for large depths, as expected from strong coupling to 
column s-states, and another component which expands laterally, as expected from geometric 
probe spreading in the absence of a specimen. This behaviour is not seen in the interaction volume 
for the 3 mrad probe.  

 



 

Figure 4: 3D renders of the interaction volume – the contributions to the ADF-STEM image from 
each position within the specimen – displayed for a convergence angle of (a) 3 mrad, (b) 14.7 mrad 
and (c) 25 mrad. (Note that this is not a representation of the scattered electron intensity 
distribution within the specimen.) 

 

3.2 Defocus 

 

Experimental aberration-corrected STEM images are typically taken at conditions corresponding to 
the highest image contrast. Usually, this occurs when the probe is focused at the specimen surface, 
or Gaussian focus. Both an underfocused and overfocused probe will lead to a decrease in image 
resolution [13]. However, if our aim is to optimise information resolution and interpretability, 
irrespective of image resolution, then Gaussian focus may not be optimal. In this section, we explore 
the signal contribution versus depth for different underfocused probes and consider the potential 
for achieving homogeneity in depth of the signal contribution by averaging the signal arising from a 
series of defocused probes, hereafter called ‘defocus-averaging’.  

Increasing the underfocus of a probe will create an electron cross-over point deeper inside the 
crystal. This changes the relative signal contributed by each atom, with the atomic sites near the 
cross-over point contributing highly due to the probing electron density being highest there. Hence, 



defocus-averaging a highly focused probe, which by definition has a very short depth of focus, might 
be expected to improve the depth uniformity of the signal contribution, irrespective of image 
resolution.  

To this end, the signal contribution of increasingly underfocused 25 mrad probes is presented in Fig. 
5. The defocus-averaged signal contribution of all five probes is also shown. A Gaussian-focused 
probe produces a relatively sharp peak in signal contribution close to the surface. At a defocus of -
100 Å, a skewed peak is observed in the signal contribution near 70 Å. Probes of defocus values -200 
Å, -300 Å and -400 Å produce two distinct peaks in atomic contribution. One peak is located at a 
depth around 100 Å regardless of defocus value, and the second is centred at the respective nominal 
focal depth for each defocus value. As per the analysis of Cosgriff et al. [10], these two peaks 
correspond to two different processes: an interference between the 1s-state of the atomic column 
with the other probe electrons, which shows as a peak at a depth of around 100 Å, and a 
geometrical focusing process, which shows as a secondary peak at the nominal defocus value of 
each probe. Fig. 5 further shows that while defocus-averaging smooths the signal contributions with 
depth as expected, it does not completely ‘iron out’ the stronger signal contribution originating from 
atomic sites in the upper portion of the crystal. 

 

Figure 5: The signal contribution the ADF-STEM image with respect to depth, for 25 mrad 
convergence angle probe underfocused at -100 Å, -200 Å, -300 Å and -400 Å and centred on an 
atomic column. The probe at Gaussian focus and the focus-averaged signal from the five other 
probes are also shown. The units on the side bar show the fraction of the number of electrons 
from the initial electron probe being scattered into the ADF detector by the individual atoms. 

 

The lateral extent of the interaction volume increases with underfocus, as shown in the renders of 
the interaction volumes in Fig. 6. For a convergence angle of 25 mrad, the probe is unable to 
completely focus in the crystal at underfocus; the width of the interaction volume at the respective 
nominal focal point is wider with increasing underfocus. All four interaction volumes shown contain 
signal contributions originating from atomic sites extending to the 3×3 unit cell area surrounding the 
probe position.   



 

Figure 6: 3D renders of the interaction volume of a 25 mrad STEM probe for a single probe position 
at four different defocus values: (a) -100 Å, (b) -200 Å, (c) -300 Å and (d) -400 Å.  

 

Results for underfocusing a 3 mrad probe are shown in Fig. 7. As the depth of focus for 3 mrad is 
considerably larger than at 25 mrad, a larger defocus is needed to achieve noticeable results. 3 mrad 
probes whose underfocus values were larger than -2000 Å were found to give interaction volumes 
whose widths were considerably wider than the entire 3×3 unit cell due to their increasingly broad 
probe size at the surface. Both Figs. 7(a) and (c) show different representations of the interaction 
volume of a 3 mrad probe with a defocus of -2000 Å. The interaction volume of other defocus values 
are not shown due to their similarity: increasing underfocus leads to a wider interaction volume at 
all depths, but the overall top-heavy, hourglass shape of Fig. 7(a) persists. Fig. 7(b) shows the signal 
contribution with depth of different defocus values. As the more subtle phase-front curvature of a 
narrower probe is more easily disrupted by strong electron scattering, increasing the underfocus 
does not produce a similar trend to the 25 mrad case: the focus point is not being shifted further 
into the crystal despite the larger defocus values. As a result, underfocusing the probe broadens it, 
but the fraction each atomic site contributes with respect to depth remains basically the same.  



 

Figure 7: Different representations of the interaction volume of a -2000 Å underfocused 3 mrad 
probe for ADF-STEM imaging: (a) 3D render, (b) signal contributions from each atom with respect 
to depth, and (c) cross-section of the signal contributions from individual atoms at various depths. 
The units on the side bars show the fraction of the number of electrons from the initial electron 
probe being scattered into the ADF detector by the individual atoms. 

 

3.3 Specimen Orientation 

 

The orientation of the specimen with respect to the incident probe greatly affects the observed ADF-
STEM intensity distribution. Alignment of atomic columns with the electron probe results in strong 
electron channelling down those columns, increasing the ADF-STEM image intensity and contrast [2], 
[14], [32]. Tilting the specimen away from this alignment to an 'off-axis condition' can weaken the 
channelling effect but reduces or removes atomic-scale features in the image. Recent research has 
supported the possibility of using off-axis conditions  for quantitative STEM EDX and EELS [16], [33].  

In this scenario, spectroscopy signals should be proportional to the atomic density in the crystal. In 
analogy with previous sections, in this section we consider the effect of tilting the specimen to ‘off-
axis conditions’ on the interpretability, irrespective of the lack of atomic-scale features in the image. 

In the present calculations, the crystal was tilted away from any major zone axis, such that none of 
the major reflections intersect the Ewald sphere; hence the crystal is in an approximate ‘one beam 
condition’ (with only the forward beam having significant intensity). In this condition, the evolution 
of the probe should be governed more strongly by its geometry, rather than scattering by the 



specimen. In Ge, this condition can be achieved approximately by tilting the crystal 1.96° away from 
the <001> zone axis, for example.  Fig. 8 shows the resultant interaction volume for 3 mrad and 25 
mrad probes. To retain the interaction volume within the 3×3 unit cell field of view for the 
visualizations, the specimen thickness has been limited to 200 Å. For consistency between 
interaction volume visualisations, those in Fig. 8 are shown in the frame of the sample.  

The interaction volume for both convergence angles is seen to be relatively unaffected by 
channelling effects, though the series of vertical yellow streaks indicate that some channelling still 
occurs along columns intersected by the beam. For the 3 mrad off-axis probe, the uniformity of the 
signal contribution can be seen in Figs. 8(a) and (c). This shows an interesting case where the width 
of the interaction volume stays relatively constant with depth. In addition, the signal contribution 
from each atomic site is comparable. This interaction volume remains large due to the small 
convergence angle, but the depth uniformity of the signal is good for interpretability for specimens 
where the structure is not homogeneous with respect to depth. For example, it would ensure that a 
defect (such as a dopant atom) would contribute to the STEM or spectroscopic signal, irrespective of 
its depth beneath the incident probe. The interaction volume suggests the propagation of both off-
axis probes is similar to what it would be in free-space.  

 

Figure 8: 3D render of the interaction volume of (a) a 3 mrad and (b) a 25 mrad probe tilted 1.96° 
away from the <001> zone axis, in an pseudo 'one beam condition'. (c) and (d) show the cross-
section of the signal contributions from individual atoms to the ADF-STEM image at various 
depths, for the same (c) 3 mrad probe and (d) 25 mrad probes. The units on the side bars show the 
fraction of the number of electrons from the initial electron probe being scattered into the ADF 
detector by the individual atoms. 

 

 

3.4 Annular aperture 

The use of an annular aperture to create a hollow cone probe has been well studied in optical 
microscopy as a method to increase the focal depth of the probe [34]–[36]. Recently, the use of a 
thin annular aperture in STEM has also been theorised to give an increased depth of focus [18]. To 
compare the interaction volumes of hollow cone probes and conventional ones, the outer 
convergence angle of the hollow cone probes was set to 25 mrad. To explore the effect of thinning 



the annulus, three different hollow cone probes were simulated, all with the same outer 
convergence angle (25 mrad) but with increasing inner convergence angles of 14 mrad, 20 mrad and 
24 mrad. For brevity, the inner and outer convergence angles will be written together, so, for 
example, a 14-25 mrad probe will indicate a probe formed by an annular aperture with an inner 
convergence angle of 14 mrad and an outer convergence angle of 25 mrad. 

 

Figure 9: (a) Cross-section of the signal contributions from individual atoms to the ADF-STEM 
image at various depths and (b) signal contributions from each atom with respect to depth for 
three probes using different annular apertures. The units on the side bars show the fraction of the 



number of electrons from the initial electron probe being scattered into the ADF detector by the 
individual atoms. 

 

Fig. 9(a) shows 2D cross-sections of the interaction volume, while Fig. 9(b) shows the signal 
contribution per depth for annular aperture probes. By comparing with Fig. 2, these results indicate 
that the introduction of an annular aperture leads to a larger interaction volume overall: there is less 
signal originating from atomic sites directly under the probe and more from the adjacent atomic 
sites when compared to a conventional 25 mrad probe. This can also be seen clearly with the 3D 
renders in Fig. 10. The interaction volumes increase significantly for all annular apertures tested, 
with a larger inner convergence angle leading to a larger lateral width of the interaction volume.  

For convergence angles of 14-25 mrad and 20-25 mrad, the interaction volume follows a similar 
pattern of lateral spreadingto that of a conventional 25 mrad probe. The interaction volume 
presented in Fig. 4 can be broken roughly into two coupled components, one arising from 
channelling along the central column and one which expands akin to what is expected geometrically, 
in the absence of a specimen. Fig. 10, however, shows that the annular aperture serves to reduce 
the signal along the atomic column immediately under the probe.  The component coupled with the 
central column disappears around 400 Å, leaving the geometric spreading as the dominant 
component. The 20-25 mrad probe produces an interaction volume which spreads laterally both 
more quickly and widely with depth compared to that of a 14-25 mrad probe.  

The thin 24-25 mrad annular aperture probe generates an interaction volume different to the other 
two annular probes, with diffraction effects from the aperture becoming prominent. The probe is 
already quite delocalised at the specimen surface, and retains this large width throughout the 
crystal. Fig. 10(c) shows the 24-25 mrad probe resulting in a significant contribution to the ADF-
STEM image from all atoms in a 3×3 unit cell area around the probe position, with contributions 
from atoms even further afield implied (where the bottom-most section is more transparent than 
the top-most section, as all atomic contributions in that area are smaller due to the saturation of 
signal contributions over a wide area).   



   

Figure 10: 3D render of the interaction volume of a) a 14-25 mrad, b) a 20-25 mrad and c) a 24-25 
mrad hollow cone probe. 

 

3.4.1 An annular aperture plus defocussing 

Fig. 11 shows the signal contribution with depth for three hollow cone probes underfocused at -200 
Å and -400 Å into the crystal. As opposed to the underfocused 25 mrad solid cone probe shown in 
Fig. 5, Figs. 11(a) and (b) show that underfocusing the 14-25 mrad and 20-25 mrad probes produces 
only one distinct peak. This peak is roughly centred at depths of 200 Å and 400 Å for the probes with 
defocus of -200 Å and -400 Å, respectively. Consistent with past studies [10], an annular aperture 
appears to reduce the contribution from channelling due to reduced coupling to the column 1s state. 
Thus, scattering from atoms near the focal point contributes the majority of the ADF-STEM signal. 
This localisation of the origin of the signal is more pronounced than for a conventional probe 
underfocused to the same degree, again suggesting geometric spreading of the probe plays a large 
role. For example, for a hollow cone probe (with the exception of the thinnest annulus),  
underfocused at -200 Å, 62% of the signal from the central column will originate from atomic sites 
between depths 150 Å and 250 Å for a 14-25 mrad aperture and 51% for a 20-25 mrad aperture. This 
is compared to 39% for a similarly underfocused 25 mrad probe. The more localised nature of the 
signal contribution means a through-focal series using an annular aperture may be useful in 
achieving a  signal contribution that is uniform with depth.  



Fig. 11(c) also shows that the 24-25 mrad annular aperture produces a different depth profile. 
Similar to a broad probe with a 3 mrad convergence angle, this probe is initially very de-localised, 
and underfocusing the probe does little to shift its focal point. However, it does lead to a slight shift 
in where the signal contributions originate from, with less signal contribution from atomic sites near 
the surface and greater contribution from deeper ones. It can be inferred that a 24-25 mrad probe 
with -400 Å defocus will lead to a fairly even signal contribution with depth. While this may be useful 
in some circumstances, the severe reduction in probe intensity and the very large cross-section of 
the interaction volume may place restrictions on the applicability of such a probe.  

 

 



 

Figure 11: The signal contributions to the ADF-STEM image from each atom with respect to depth 
for a) a 14-25 mrad, b) a 20-25 mrad and c) a 24-25 mrad hollow cone probe. In each figure the 
depth profile of the probe defocused at -200 Å and -400 Å is also presented. The units on the side 
bars show the fraction of the number of electrons from the initial electron probe being scattered 
into the ADF detector by the individual atoms. 

 

 

 

3.5 Vortex probe 



Electron vortices, probes with a spiralling wavefront around a singularity, have been recently 
produced experimentally in a controlled fashion through use of various electron-optical elements 
[19], [37]–[40].  These optical-elements impart orbital angular momentum to the incoming electron 
probe. This quantised orbital angular momentum is what sets electron vortex probes apart from 
conventional probes used in STEM. Vortex electrons probes have been predicted to be useful, for 
example, in measuring magnetic properties [41] and in manipulating nanomaterials [42].  

In simulation, an electron vortex can be created in the condenser plane through the equation [43]: 

𝜓𝜓(𝑞𝑞,𝜙𝜙) = exp(𝑖𝑖𝑖𝑖𝜙𝜙)Θ(𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑞𝑞)    (3) 

where 𝑖𝑖 is the quantum number for orbital angular momentum which defines the vortex, 𝜙𝜙 is the 
polar angle in the condenser plane, 𝑞𝑞 is the radial vector, 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 is the radius of the aperture and Θ is 
the Heaviside step function which defines the aperture size. For the purposes of this study, the 𝑖𝑖 =
1 vortex was simulated. Recent theoretical studies have focused on the structural integrity of the 
electron vortex both in free space [44], [45] and when propagated through crystal structures [20], 
[46].  For this study, instead of focusing on the probe itself, the aim is to examine how the peculiar 
dynamics of vortex probes affect the signal contribution and interaction volume.  

The interaction volumes and signal contribution as a function of depth for vortex probes created 
using convergence angles of 25 mrad and 3 mrad are presented in Figs. 12 and 13, respectively. Figs. 
12(b) and 13(b) show vortex probes producing a signal contribution with depth profile qualitatively 
following that of conventional solid cone probes of the same convergence angle. However, vortex 
probes have an electron density node that is zero at their centre, which serves to reduce the amount 
of signal contributed by atoms directly below the incident probe position at all depths. The vortex 
nature of the probe is not very noticeable in the interaction volumes, with the volumes being 
qualitatively similar to that of a conventional probe of the same convergence angle, except that the 
level of spreading in the interaction volume appears to be slightly larger overall. 

As these simulations incorporate partial spatial coherence, the intensity nodes are not strictly zero. 
In the case of an incident vortex probe with a convergence angle of 25 mrad, the node diameter is 
small relative to the atom column diameter, and the surrounding electrons are quickly drawn back 
towards the central column. As such, the atoms sampled by the probe are minimally affected by the 
node. For a 3 mrad convergence angle, the diameter of the initial node is large relative to the atom 
column diameter. Consequently, this probe samples the atoms directly underneath the probe less 
than it does the eight nearest lateral neighbours at each depth, as seen in Fig. 13(c). This gives the 
unusual property that the large majority of the signal does not originate from the column directly 
beneath the probe position. The fact that a 3 mrad vortex probe remains well confined throughout 
the specimen thickness could give additional confidence about the spatial origin of the ADF-STEM 
signal. 

 



 

Figure 12: Different representations of the interaction volume of a vortex probe using a 25 mrad 
convergence angle for ADF-STEM imaging: a) 3D render, b) signal contributions from each atom 
with respect to depth, and c) cross-section of the signal contributions from individual atoms at 
various depths. The units on the side bars show the fraction of the number of electrons from the 
initial electron probe being scattered into the ADF detector by the individual atoms. 



 

Figure 13: Different representations of the interaction volume of a vortex probe using a 3 mrad 
convergence angle for ADF-STEM imaging: a) 3D render, b) signal contributions from each atom 
with respect to depth, and c) cross-section of the signal contributions from individual atoms at 
various depths. The units on the side bars show the fraction of the number of electrons from the 
initial electron probe being scattered into the ADF detector by the individual atoms. 

 

 

4. A metric for interaction volume 

Thus far, the interaction volumes generated by several different STEM probes have been presented 
qualitatively though 3D renderings and 2D STEM slices. To make a quantitative comparison between 
the different interaction volumes, the following equation, essentially a second moment of the 
intensity with respect to distance from the optical axis, is used to quantify the lateral spreading of 
the spatial origin of the ADF-STEM signal: 

𝑅𝑅 = (∑𝑟𝑟𝑖𝑖2𝐼𝐼𝑖𝑖)/∑𝐼𝐼𝑖𝑖     (4) 

where the sums are carried out over all Voronoi cells, 𝑟𝑟𝑖𝑖 denotes the distance of cell i from the cell 
under the incident probe position, and 𝐼𝐼𝑖𝑖 is the average intensity in the ith Voronoi cell. This metric is 
applied to each STEM image slice. Fig. 14 plots this metric for the different probes studied in this 
investigation (with the exception of the tilted specimen case where it is not applicable). A lower 𝑅𝑅 
value corresponds to a more localised interaction area at a certain depth.  

Interaction volume for different convergence angles: 



This analysis confirms the 25 mrad convergence angle probe initially has a very localised interaction 
volume, though it quickly spreads laterally as the specimen thickness is increased. The manner with 
which the interaction volume changes with depth is similar in both the 14.7 mrad probe and the 25 
mrad probe. However, for the 14.7mrad probe the interaction volume is broader near the surface 
but increases at a slower rate with respect to depth. In fact, for a Ge [001] sample after a depth of 
around 70 Å, the 14.7 mrad case turns out to have the most confined interaction volume of all the 
probes tested. This might be expected as the 14.7 mrad convergence angle was selected for 
optimum coupling to the column 1s state. However, even at this optimal condition the interaction 
volume continues to spread laterally with increasing sample thickness. In contrast, a convergence 
angle of 3 mrad gives an interaction volume with a lateral extent that stays relatively constant 
throughout the full thickness range considered. This reinforces the point that the broader probe may 
ultimately be more confined over larger specimen thicknesses, and thereby yields a superior 
information resolution compared with the finer probe for thicker specimens 

Interaction volume for hollow cone probes: 

All of the annular apertures tested led to faster lateral spreading of the interaction volume with 
depth, relative to the non-annular apertures with the same outer angle. An increase in inner 
convergence angle, while keeping the outer convergence angle constant, leads to greater lateral 
spreading of the interaction volume, relative to annular apertures with smaller inner convergence 
angles.  

Interaction volume for vortex probes: 

The 𝑅𝑅 values for vortex probes mimic those from their conventional solid cone probe counterparts, 
albeit with an almost additive constant offset in the value of the R metric. The size of this offset in 𝑅𝑅 
value for the vortex probe was far greater for the smaller 3 mrad convergence angle than the 25 
mrad convergence angle. The fact that the offset is constant (for a given convergence angle) 
suggests the initially larger lateral area sampled by a vortex probe is sustained through the crystal. 
The vortex and conventional probe types otherwise have similar behaviour.  



 

Figure 14: Comparison of the interaction volume of various probes studied, using the intensity 
spread metric R, from equation (4). 

 

5. Summary 

In this work, we have assessed the merits of different electron probes in terms of their ‘interaction 
volume’ and ‘interpretability’. For each probe, we have calculated how much signal each atom in a 
specimen contributes to the intensity in an ADF-STEM image and the interaction volume this implies.  
Visualisation of the interaction volume provides an immediate sense of the actual spatial resolution 
of an ADF-STEM data set, as opposed to the nominal image resolution. It also provides a guide as to 
the complexity of interpretation. (The signal contribution should not be confused with the scattered 
intensity distribution, the subject of previous studies [2]–[9].) 

While the calculations here deal directly with signal contributions in ADF-STEM images, the results 
are also indicative of the contributions to the EDX signal, and to a lesser extent the EELS signal 
(specifically, to the extent that using a large collection aperture can produce a reasonably localized 
interaction).   

As the atomic signal contribution changes significantly for different probes, the choice of probe 
depends heavily on the specimen structure and the type of information desired. A generic probe 
that would lead to a simple interpretation of any arbitrary sample was not found.  However, in many 
cases it may be possible to tailor the probe scattering dynamics to optimise the information that can 
be obtained from a particular specimen, given some a priori information about the nature of the 
specimen and the characterisation questions that are to be answered. The specific results found 
regarding the interaction volumes generated by each probe and the interpretability of the resulting 
data set are summarised in Table 1. 

 



Table 1: Summary of results for the interaction volume and interpretability for the electron probe 
investigated in this study. 

 Interaction Volume  Interpretability  

Convergence 
Angle 

Large convergence angle → more 
rapid increase with depth 
 
Small  convergence angle → initially 
wider but more uniform with depth 
  
 

Large convergence angle → non-uniform 
signal contribution (majority of signal 
originating from focal point)  
 
Small convergence angle → signal 
contribution oscillates with depth  

Defocus Larger volume relative to a focused 
probe 
 
Larger volume with increased defocus 
 

Defocus-averaging → greater uniformity in 
signal contribution from atoms at different 
depths 
 

Specimen 
Tilting 

Volume largely defined by 
convergence angle and geometric 
spreading 

Greater uniformity in signal contribution 
from atoms at different depths, especially 
for smaller convergence angles  
 

Annular 
Aperture 

Wider than for solid aperture with 
same outer convergence angle 
 
Increased volume for thinner annuli  

 

More signal originating about the chosen 
focal point compared to a solid cone probe  
 
Thin annuli → reduced signal originating 
from atoms in the column directly 
underneath the probe at large depths 
 

Vortex 
Probe 

Similar trend to conventional probe, 
but slighter larger volume overall 

Large convergence angle → similar 
behaviour to conventional probe 
 
Small convergence angle → reduced 
contribution from atoms in column beneath 
the probe 
 

 

To form reliably interpretable ADF-STEM images or spectral maps, it is clear that the specifics of the 
experiment and the information desired must be considered before the choice of probe is made. For 
example, for specimens where the structure varies along the beam direction, a small convergence 
angle probe or an off-axis tilted specimen could be advantageous. In both cases the ADF-STEM 
spatial resolution is of the same order as the information resolution and the signal contribution is 
more even with depth, potentially allowing for more interpretable signals compared to those from a 
probe using higher convergence angles. Although the use of a small convergence angle or specimen 
tilting will lead to the loss of atomic-scale features in ADF-STEM images, this may not be a problem 
for some scenarios in quantitative ADF-STEM imaging or quantitative EDX or EELS, where confident 
knowledge of the signal spatial origin is valued over nominal atomic resolution of the image or 
spectral map.   

As another example, defocusing a hollow cone probe in the crystal leads to a greater fraction of 
signal originating from atoms near the focal point compared to a conventional probe. This may be 
advantageous for specimens where the structure at a particular depth or location is to be targeted. 



On the other hand, if used in combination with a through-focal series, a more even signal 
contribution with depth can be obtained, with potential applications in EDX [47] and achieving high 
resolution 3D ADF-STEM tomography of specimens with structures that are inhomogeneous with 
respect to depth [18]. For vortex probes using smaller convergence angles, the intensity minima at 
the centre of the probe is sufficiently large to open the possibility of ‘reverse’ EELS or EDX where 
there can be confidence that the column beneath the incident probe is making a small contribution 
to the final ADF, EDX or EELS signal. 

In summary, the ‘menu’ of probes provided here can assist in the selection of the most suitable 
probe for solving a particular question about a specimen. 
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