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Incoherent imaging by high angle annular dark field (HAADF) scanning transmission electron
microscopy (STEM) has become a powerful characterization tool providing directly interpretable
images of atomic columns at sub-Ångstrom resolution.  Recently through Bloch wave calculations
and multislice simulations, we have found a changeover from a projection mode of imaging to a
depth slicing mode of imaging with increasing illumination angle.  This new mode appears capable of
resolving three-dimensional structures, even at the atomic scale in a future generation of aberration-
corrected STEMs.

Bloch wave calculations [1] have shown that generally a HAADF-STEM image is a direct image of the
1s states for sub-Ångstrom probes as long as the 1s dominance is maintained.  However, the non-1s
component, which propagates essentially as plane waves, would give an increased contribution as
the objective aperture is further increased, eventually destroying the 1s dominance.  Consider the
difference between Fig.1 (a) and (b) æ Due to the enhanced non-1s component at increased probe-
forming aperture, the image function from a thin region will have significantly higher contrast with
respect to the background than those from high thicknesses.  This implies that, the image contrast
and resolution at high thickness would be degraded due to the breakdown of the 1s dominance and
channeling effect, while images at small thickness would remain with good contrast and even
improved resolution.  Since the non-1s component is scattered only weakly by the sample, it can thus
come to a focus at a unique depth in the specimen.  Therefore, experimentally if we defocus a
“superprobe” so that it is brought to focus within the specimen, what the HAADF detector finally
sees, due to the much reduced depth of field [2], would be mostly the image from that specific depth.
Depth slicing and three-dimensional imaging may thus be realized as images are generated at
different focal planes with next-generation Cs-corrected STEMs.

To justify the above inference, we calculated the contribution to the image from different depths
within the specimen for an illumination angle of 35 mrad (probe size 0.29Å FWHM), with and
without defocus.  In the case without defocus (Fig. 2(a)), the first major valley lies at 28 Å and a small
dip occurs at 8 Å, in good agreement with the analytical estimate and thickness-coherence prediction
[1,3].  The difference between the peak contribution (at 5 Å) and any other region reaches a ratio of
more than 3:1.  With the introduction of a defocus of 50 Å (Fig. 2(b)), although the probe is less
effectively focused inside the specimen compared with the no-defocus case, a steep peak remains in
the region of 40 Å where the dumbbell structure can be distinctly resolved.  The real image should
thus be dominated by this characteristic depth.  In further confirmation of this behavior, we present a
multislice calculation in Fig. (3).  By scanning the probe focused at different depths, we can
simultaneously determine not only which atomic column the dopant atom is contained in, but also its
depth within the specimen [4].
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FIG. 1.  Image function for small and high depths compared with the contribution from
the 1s part, with (a) today’s probe of 0.83Å FWHM, and (b) tomorrow’s probe of
0 42Å FWHM

FIG. 2.  Depth evolution of the image function in the case (a) without and (b) with
defocus.  This shows how much each depth within the sample contributes to the
image

FIG. 3.  Simulated HAADF images of Bi atoms embedded in a 160 Å thick Si crystal in the
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