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Figure 7. Sample preparation to determine the pixel density dependent on the height above the substrate. a) SEM image of the sample, b)

SEM image of the FIB sliced sample (inverted), c) segmented FIB-SEM-image, d) calculated pixel density from FIB-SEM image.
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ple’s upper part, it is covered with carbon from above. Since
the SEM images have a high depth of field, the front of the
sample is coated with carbon as well. The intersection surface is then polished again by ion beam so that the carbon
deposited on the interface is removed again. After such a
preparation SEM images (Fig. 7b) are recorded.
Firstly, the FIB-SEM image is post-processed to separate the intersection from the image background. Due to the
frontal deposition of carbon, the prepared intersection surface is distinguishable from underlying structures, which are
still covered with carbon and appear darker. By applying a
threshold, the intersection area can now be separated from
the image (Fig. 7d). The threshold is automatically determined in Fiji using the Otsu algorithm (Otsu (1979)) to eliminate the user’s subjectivity and improve reproducibility.
The pixel density η is a quality measure for the layer
porosity and can be used to compare the different layers with
each other. It is calculated line-by-line by counting the white
pixels nW per line and putting this number in relation to the
total number ntot of pixels in latitudinal direction (Fig. 7d):
nW
η=
.
ntot
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regardless of the deposition angle. This fact confirms the
assumption that the incident tantalum particles settle where
they are deposited, because their surface mobility is strongly
limited by substrate cooling.
From Fig. 9 it becomes clear that the growth pitch and,
thus, the layer structure has a significant influence on the
pixel density profile. As soon as the screw structures start
to transform into spirals, there is a significant reduction in
η with increasing growth pitch and the pixel density profile
suddenly shows a periodic pattern. This reduction in η can
be explained by the fact that the spiral structures, due to their
extraordinary geometry, grow into adjacent spiral structures,
which in turn produces a denser layer structure (Fig. 10).
The period of the pixel density profile seems to depend on
the growth pitch. From Fig. 9 a period h̃ of approx. 100 nm
at Pω = 254 nm rev-1 and of 66 nm at Pω = 162 nm rev-1 can
be estimated. It is therefore assumed that the ratio of growth
pitch and the period h̃ is constant:
Pω
= const.
h̃
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Plotting the pixel density of column structures (Pω =
6.2 nm rev-1 ) as a function of height above the substrate for
the different deposition angles (Fig. 8a), the ratio of material to air across the entire layer thickness is nearly constant

Applying Eq. (9) to the spiral structures, it follows Pω /h̃ ≈
2.54 rev-1 for Pω = 254 nm rev-1 and Pω /h̃ ≈ 2.45 rev-1 for
Pω = 162 nm rev-1 . Under the assumption that the ratio is
2.5 rev-1 , a period length h̃ of approx. 36 nm follows for a
growth pitch Pω = 90 nm rev-1 , which means approx. five to
six periods for each 200 nm-interval in Fig. 9a. Counting the
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