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Having a complete 3-dimensional picture of a nanomaterial is often essential for understanding its
properties. In contrast to biological specimen, bright-field image contrast from crystalline samples
relevant to materials science depends strongly on the diffraction condition of the crystal, and can
therefore generally not be used for tomography. Energy-filtered TEM (EFTEM) is an alternative
imaging mode which overcomes this limitation [1, 2], provided that multiple inelastic scattering can
be neglected and that the dynamical (multiple elastic scattering) contrast is not too high. Using core-
loss electrons to form an image, EFTEM tomography is element specific, and therefore may provide
3D compositional information, in addition to the shape information obtained by conventional
tomography. In this paper, we will report 3D EFTEM tomography of iron-filled multi-walled carbon
nanotubes (CNTs) and copper whiskers.

Tilt-series of EFTEM images were acquired on a Zeiss EM912 Omega 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 the simultaneous iterative
reconstruction technique (SIRT) were performed with the FEI software package Inspect3D.

A 2D image combining C-K and Fe-L,; elemental maps of a CNT filled with Fe is shown in Fig.1
(a). Tilt-series of both C-K and Fe-L,; EFTEM images were acquired at angles ranging from +60° to
-60° in 2° steps. The volume marked by the white rectangle in Fig. 1(a) was reconstructed by the
SIRT algorithm with 10 iterations. Fig. 1(b), (c), and (d) show three orthogonal views of the 3D
reconstruction, where the x-y plane is the image plane at 0° tilt. Interestingly, the CNT is revealed to
be incomplete at its top, 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 understanding the growth of the CNTs, as well as their applications.

For the copper whisker tilt-series of both C-K and Cu-L,3 EFTEM images were acquired at angles
ranging from +60° to -50° in 2° steps. 2D elemental maps of the C-K and Cu-L,; edges at 0° tilt are
shown in Fig.2 (a). The top part of the whisker was reconstructed using SIRT. Fig. 2(b) and 2(c)
show two orthogonal views of the 3D reconstruction. The carbon layer covering the Cu whisker
forms presumably during whisker growth. Though being obscured by the elongation along z and
reconstruction artifacts, the 6-fold symmetry of the cross-section of the whisker may be seen clearly
from the isosurface of Cu viewed along the whisker (Fig.2 (d)).

Increasing the accuracy of the 3D elemental mapping requires improved image acquisition, better
alignment of the tilt series and the three EFTEM images used for obtaining the elemental maps at
each tilt angle, as well as better reconstruction methods. In order to reduce the dynamical contrast in
the EFTEM images, conical illumination has been applied. The diffraction contrast in the elemental
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maps of Fe (in the CNTs) and Cu (in the Cu whiskers) is significantly reduced by this technique. In
some cases more accurate elemental maps were obtained by aligning the three EFTEM images
manually. In order to allow a more quantitative interpretation of the EFTEM tomography reconstructions
we also perform an approximate multiple (inelastic) scattering correction using the zero-loss image [3].
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FIG. 1. (a) C-K (green) and Fe-L,; (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 due to the missing wedge.
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FIG 2. (a) C K (green) and Cu-Lys (purple) elemental maps of a copper whisker at 0° tilt. The top
part of the whisker is reconstructed. (b) and (c) SIRT reconstruction viewed at two orthogonal
directions, (d) The isosurface of Cu (enlarged) viewed along the whisker.

https://doi.org/10.1017/51431927610056357 Published online by Cambridge University Press


https://doi.org/10.1017/S1431927610056357

