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TEM images are two-dimensional projections of a three-dimensional (3D) structure.
In many cases, particularly in nano-sciences, having a complete picture of the structure in all
three dimensions is very important. BF image contrast from most specimens in materials
science which are of crystalline nature depend almost entirely upon the diffraction condition
of the crystal, and therefore cannot be used for tomography. Energy-filtered TEM (EFTEM)
is considered to be an alternative imaging mode for tomography [1, 2], provided that multiple
scattering can be neglected and that the diffraction contrast due to orientation is low. Being
element specific and electronic-state sensitive, EFTEM tomography may provide 3D
information not only of the shape but also of the composition or electronic state of the nano-
objects. Here, we report on our 3D EFTEM tomography study of multi-wall carbon
nanotubes (CNTSs) filled with iron and of copper nano-whiskers.

Tilt-series of EFTEM images were acquired with a Zeiss EM912 microscope operated
at 120kV using the Gatan EFTEM tomography plug-in for Digital Micrograph. The core-loss
elemental maps were obtained by the three-window method (acquisition of 2 pre-edge images
for extrapolating the background which was then subtracted from the post-edge image). The
alignment of the elemental map tilt series by cross-correlation and the reconstructions using
weighted back-projection (WBP) and simultaneous iterative reconstruction technique (SIRT)
were performed with the software package Inspect3D of FEI.

For the CNT filled with Fe tilt-series of both C-K and Fe-L,3 EFTEM images were
acquired at angles ranging from +60° to -60° in 2° steps. Figure 1(a) shows a 2D image of C-
K and Fe-Lj; elemental mappings at 0° tilt. The two tilt-series of the elemental maps were
aligned simultaneously, and the volume marked by the white rectangle in Figure 1(a) was
reconstructed. The three orthogonal views of the 3D reconstruction by SIRT with 10
iterations are shown in Figure 1(b), (c), and (d), where the x-y plane is the image plane at 0°
tilt. Assuming a round cross-section of the CNT the elongation factor along z from the SIRT
reconstruction is ~ 1.15, much lower than that from the WBP reconstruction (not shown here)
and the expected value of 1.55 for the tilt range of £60°. Interestingly, the CNT is revealed to
be incomplete at its top so that the Fe catalyst particle seems not to be enclosed. An extended
EELS study shows that the crown of the catalyst particle contains oxygen and the iron there is
oxidized. These results may be useful for further understanding of the growth of the CNTSs, as
well as their applications.

Tilt-series of both C-K and Cu-L,3 EFTEM images of a copper whisker were acquired
at angles ranging from +60° to -50° in 2° steps. Figure 2(a) shows a 2D image of the C-K and
Cu-L,3 elemental mappings at 0° tilt. The two tilt-series of the elemental maps were aligned
simultaneously and the tip part of the whisker inside the white rectangle was reconstructed
using SIRT. The 3D reconstruction viewed along z is shown in Figure 2(b). It may be seen
that, though being obscured by the elongation along z and artifacts of reconstruction, the
whisker is faceted and that C distributed irregularly on side-facets.

In addition to the many factors influencing the resolution of 3D reconstruction in
tomography, which have been widely discussed in the literatures, e.g. tilt range, alignment of
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projections, and reconstruction techniques, we find that the accuracy of tomographic
reconstruction needs to be extensively discussed, e.g. the effects of the mechanical instability
of the tilt-axis, tilt increment and specimen drift, beam damage, contamination, and the
diffraction contrast. Our preliminary results of EFTEM tomography with conical illumination
demonstrate that the contrast of the EFTEM images due to the effect of crystal orientation has
been substantially eliminated.
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Figure 1. (a) Combined C-K (green) and Fe-L,3 (purple) elemental maps of an Fe-filled CNT
at 0° tilt. The reconstruction volume is marked by the white rectangle. (b)-(d) Three
orthogonal views of the Fe filled nanotube reconstructed by SIRT, where x-y is the image
plane at 0° tilt. Note the slight elongation along z, parallel to the direction of the incident
electron beam.

Figure 2. (a) Combined C-K (green) map and Cu-L,3 (purple) elemental maps of a copper
whisker at 0° tilt. The reconstruction volume is marked by the white rectangle. (b) SIRT
reconstruction viewed along z.
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