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Confocal microscopy is an imaging mode in which a pre-specimen lens focuses a fine probe on the
specimen, then a post-specimen lens forms an image of the probe on an axial point detector. Frigo et
al. have demonstrated the first confocal images with electrons, or confocal scanning transmission
electron microscopy (STEM) [1]. They produced images of microelectronic circuits with resolution
of ~80 nm through a 5 pum-thick sample [1]. In optical confocal microscopy, 3-D images are
routinely obtained by optical sectioning, which is stacking 2-D images acquired with different
positions of the focal plane [2]. Optical sectioning with confocal STEM has only recently become
useful with the advent of spherical aberration (Cs) corrected electron optics, but it holds potential for
nanometer-resolution, 3-D imaging of nanostructures and macromolecules. We have investigated
the potential 3-D imaging performance of current and next-generation aberration correctors and
begun to investigate the limitations imposed by dynamical electron scattering in the sample.

We have calculated the optimum 3-D contrast transfer function (CTF) H(/,w), where [ is the radial
spatial frequency and w is the spatial frequency along the optic axis, for confocal STEM based on
the scalar wave theory of confocal imaging developed by Gu [2]. We have considered the effect of
Cs, fifth-order spherical aberration Cs, and beam convergence semi-angle a for 200 kV electrons
with a point source and point detector. As in other imaging modes, it is possible to balance higher-
order, un-adjustable aberrations (in this case Cs) with lower-order, adjustable aberrations (in this
case Cs3). Defocus is used to move the focal plane, so it has no effect on the 3-D CTF [2]. We define
the optimum Cs for a given o as resulting in a minimum in the integrated difference between the
aberrated CTF and the unaberrated CTF with same a. Fig. 1 shows the optimum Cs versus a for Cs
=50 mm. Cs scales as a®. As shown in Fig. 2(c), this C; is not the same as that which minimizes
the integrated aberration function (k). The optimum o« is defined as the largest o which does not
introduce severe distortions such as zero-transfer bands in the CTF; in practice this limits the
integrated deviation between the aberrated and unaberrated CTF to ~10%.

For current-generation aberration correctors, we assumed Cs = 50 mm [3]. The optimum conditions
for a microscope equipped with two such correctors (one for the probe-forming lens and one for the
image-forming lens) are C3=-25.2 um and o = 32.5 mrad. The 3-D CTF for a microscope with no
aberrations and o = 32.5 mrad is shown in Fig. 2(a); the optimum aberrated CTF with Cs = 50 mm is
shown in Fig. 2(b). The aberrated CTF shows a dip in transfer at low spatial frequencies and an
overall decrease in transfer at high axial spatial frequencies. Fig. 2(c) shows this more clearly in a
cut through the 3-D CTF as a function of w at /=0.13 nm™. Based on the CTF, this confocal STEM
should achieve 2.4 nm axial resolution.

Our calculations also show that 1 nm axial resolution can be achieved in a confocal STEM with Cs =

4 mm. Aberration correctors are under development that will correct Cs, meeting this requirement.
The conditions for 1 nm axial resolution are o = 50.1 mrad and C; = -4.7 um.
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We have also investigated whether dynamical electron scattering in the sample will make optical

sectioning impossible through multi-slice simulations [4] of confocal STEM images.

Simulated

images of a 2 nm diameter gold nanoparticle embedded 9 nm deep in 18 nm of amorphous carbon
with an unaberrated confocal STEM with a = 25 mrad do show optical sectioning, as shown in Fig.

3.

We will also discuss the limitations imposed by
electron beam channeling on optical sectioning of
zone-axis  crystals and  asymmetric  lens
configurations with only one aberration corrector.
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Fig. 1: Optimum C; versus beam convergence
semi-angle o for current aberration correction
technology, Cs = 50 mm. Cj scales as o,
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Fig 3: Multi-slice simulated confocal STEM images
as a function of focal plane depth for an Au sphere 9
nm deep in 18 nm of amorphous carbon.
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FIG. 2. CTF’s for a = 32.5 mrad (a) without
aberrations, (b) aberration compensated, C; =
-25.2 pum and Cs = 50 mm, and (¢) CTF vs. w
at/=1.3x10".
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