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Electron tomography extends the potential of a transmission electron microscope (TEM) from imaging
of single images to three-dimensional (3D) imaging by reconstructing objects from their two-
dimensional projections. The resolution in electron tomography is generally limited by the number of
projections, which can be taken of an object. This limitation arises due to beam sensitivity of many
samples, due to limited accuracy of the stage mechanics as well as due to time constraints. Approaches
to improve the resolution for a given number of projections have been developed, such as discrete
tomography [1] and reconstruction techniques based on minimization of the total variation of images |2,
3]. These approaches use prior knowledge about the sample as constraints to improve the reconstruction.

By contrast dual-axis tomography has been used mostly for its capability of reducing missing wedge
artifacts, which appear in tomography, if the geometry of the sample or the sample holder does not allow
rotation over a full tilt range of 180° [4, 5]. In materials science, in particular for focused ion beam
(FIB)-based sample preparation, sample geometries and sample holders have been developed, which can
eliminate the missing wedge and might therefore give the impression of rendering dual-axis tomography
useless for such applications.

Here we show that dual-axis tomography can also serve to improve the resolution of a reconstruction
without or with a small missing wedge, in particular for samples which contain features with high
aspect-ratio, which are small in one dimension and large in the other dimensions. We employ the dense
sampling by tomography in the direction of the tilt axis, which stems from the fact, that each slice along
a tilt axis can be reconstructed independently of its neighboring slices. If sample features change slowly
along directions perpendicular to a tilt axis, these features can be reconstructed with the original 2D
resolution of the images in the direction of a tilt axis, without the need for using any prior knowledge for
the reconstruction.

Samples which fulfill these conditions are often encountered in nanotechnology, as many device
concepts, also for complex 3D structures are based on deposition of thin films. For such devices it is
then possible to adapt the tilt-axes accordingly to optimize the resolution perpendicular to these layers.
Thickness and roughness of these layers can then be measured with high accuracy.

We used dual-axis electron tomography to get a high resolution 3D reconstruction of a tri-gate transistor
[6]. The gate of a tri-gate transistor consists of three approximately perpendicular surfaces, one oriented
horizontally and two vertically, which surround the channel. To optimize the resolution for all gate
surfaces we oriented two tilt-axes perpendicular to the gate surfaces. The first tilt-axis is oriented
perpendicular to the horizontal gate surface. Fig. 1a shows a reconstruction from the first tilt series
where the horizontal gate surface is well defined, but the resolution for the two vertical surfaces is
reduced. The second tilt-axis is oriented perpendicular to the vertical gate surfaces, in the corresponding
reconstruction (Fig. 1b) the vertical gate surfaces are well defined.
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To combine the two tilt series an alignment process based on 3D cross-correlation was applied and
reconstruction is done with a dual-axis SIRT algorithm. Fig. Ic shows the combined dual-axis
reconstruction. In this reconstruction all gate surfaces are well resolved, thus proofing the capability of
dual-axis tomography for this kind of applications. The dual-axis reconstruction allows segmentation of
the gate stack, to separate the gate oxide (HfSiON) and the metal gate (TiN) from other materials.
Results of the segmentation are shown in Fig. 2.

The proposed approach can be easily extended to more than two axes, which will allow improving the
reconstruction of complex objects by adapting multiple tilt-axes to their geometry [7].
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Figure 1. Orthogonal slices through single-axis (a, b) and dual-axis (c) reconstructions of a tri-gate
transistor. The insets in the upper left corners indicate the corresponding sampling in Fourier space.
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Figure 2. Segmentation of the reconstruction of a tri-gate transistor based on dual-axis reconstruction.
(a) Surface rendered view, (b) Orthogonal slices through the reconstruction, scale bars are 10 nm.
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