Controlling Channeling Effects in Aberration-Corrected STEM Tomography
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The short depth of focus in aberration-correcte@&®Tpotentially could enable depth sectioning of
nanoscale objects [1, 2]. In amorphous materibks,mage is well described by the convolution of
the three-dimensional (3D) point spread functiolsKP with the underlying 3D structure [3].
However channeling along zone-axis can render STEM-through-focal series uninterpretable in
crystalline samples [3-6]. Channeling breaks thedrity of the HAADF signal which is critical for a
reliable reconstruction. However, Balsal demonstrated that, in TEM, adding a 20mrad beam st
at the center of a 40-mrad objective aperture coedidice the thickness contrast [7]. By reciprocity,
this suggests that introducing a beam stop in #rdec of the probe-forming aperture in STEM
would efficiently suppress electron channeling adl.w.oane and Silcox, about two decades ago,
also discussed the impact of this geometry ondberdl PSF and lattice imaging in ADF STEM —
finding a tradeoff between improving the probe -fwitith at half maximum, at the expense of
increased probe tails [8].

Here we report that the introduction of a 20-mra&arh stop at the center of the 50-mrad probe-
forming aperture (Fig. 1(b)) of a 200 KeVs-Corrected STEM (€= -0.0096mm, € = 3.85mm)
would not significantly affect the resolution in #iree dimensions, but can reduce the measured
channeling effects significantly. It is a promisiteghnique for obtaining interpretablg-Errected
STEM Depth-sections.

Fig. 1(c-f) compares the PSF w/ and w/o the cefainrad beam stop. Fig. 1(e) demonstrates that
the depth of focus is worse in the w/ beam stop.ddswever, for the lateral dimension of the probe
at the peak-intensity defocus (Fig. 1(d)), the 2@anbeam stop introduces a bigger side lobe but
does not degrade the Scherzer resolution. Thesargwonents can be visually demonstrated in the
reciprocal space as shown in Fig. 1(g, h), wheeectbss section of the 3D contrast transfer functio
(CTF) is plotted. It shows that ttkecutoff is the same for both cases. However, theftalongk; is
smaller for the w/ beam stop case consistent with real-space result (Fig 1(e)). An analytical
derivation shows that the-cutoff is a function of only the semiangle of theam stop (in) and the
aperture (may, but not the aberrations. Further, the openirgjeanof the CTFs in the both cases are
the same, implying the number of tilts needed lting tomography is not sacrificed when the
central-20-mrad beam stop is introduced. This tesuindependent of accelerating voltage and
aberrations.

Our Multislice simulation results (Fig. 2) show thaserting the beam stop efficiently suppresses
channeling artifacts. Fig. 2(a-c) shows the deptitisning of [110] Si with an embedded Hf atom,
reconstructed by stacking 32 simulated throughtfé€aF images together. Fig. 2(c) is the vertical
profile through the left Si column. It qualitatiyedlemonstrates that w/o the beam stop, an extra
artifact peak is present, and adding the beametopnates the artifact. Fig. 2(d-f) shows the mob
(IY P) propagation along a 55nm-thick [110] Si columiy. R(f) compares the probe intensity along
the Si column. It demonstrates that the electrdna/dbeam stop case leave the column quickly;
whereas the electrons of the w/o-beam stop casaimestrongly confined on the column, which is
the source of the channeling artifacts.
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FIG. 1. Comparison of the 200 KeV aberration-cdedd nax = 50 mrad) probe in both spatial and
reciprocal space w/ and w/o the central-20-mradrbetop: (a,b) Diagram of the probe-forming
apertures used in our simulation. (c,d) The vertoass section of the 3D PSF. (e) The verticad lin
profile through the middle of the PSF. (f) The tateprofile at the max-intensity defocus. (g,h) The
cross section of the 3D CTF.
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FIG. 2. Comparison of channeling effects w/ and @ central-20-mrad beam stop simulated by
multislice method: (a-c) The depth sectioning & #dnm-thick [110] Si with a Hf atom replacing a
Si atom atZ = 153A reconstructed from a 32-image through-fesales. (d-f) The propagation of
the probe (focused at the entrance surface oreth8ilcolumn) in a 55nm-thick [110] Si sample.
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