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Abstract. Thin tantalum films generated by glancing angle deposition serve as functional optical layers, for
instance as absorption layers for ultrathin infrared sensors. They consist of nano-rods whose dimensions and
distribution influence the optical properties of the thin film. Serial sectioning by a focused ion beam combined
with scanning electron microscopy of the slices generates stacks of highly resolved images of this nanostructure.
Dedicated image processing reconstructs the spatial structure from this stack such that 3-D image analysis yields
geometric information that can be related to the optical performance.

1 Introduction

In this paper, we investigate the nanostructure of two thin
optical layers as applied in pyroelectric sensors. The sam-
ples are made of tantalum and produced using glancing an-
gle deposition (GLAD, Robbie, 1998). Their optical proper-
ties are not only determined by those of the tantalum base
material but essentially by their rod-like nanostructure. This
fine structure can be imaged spatially by the combination of
sequential slicing by a focused ion beam (FIB) and imag-
ing by scanning electron microscopy (SEM). As the tanta-
lum GLAD samples are highly porous, reconstructing their
spatial structure from the raw FIB-SEM image stack re-
quires high image processing effort. We report the complete
image processing pipeline developed for this purpose. Fi-
nally, we measure various geometric characteristics describ-
ing the shape and arrangement of the nano-rods as functions
of height over the substrate.

The thermal resolution of a pyroelectric sensor is directly
proportional to the absorption of the sensor element (Budzier
and Gerlach, 2011, p. 118) — therefore, the absorption should
be as high as possible. An optimal absorption layer is char-
acterized by a spectrally uniform high absorption and a low

heat capacity (Blevin and Geist, 1974; Schossig, 2012b).
Schossig et al. (2010) used GLAD to produce such an ab-
sorption layer of nichrome (NiCr) that strongly increased the
spectral responsivity of a pyroelectric sensor.

GLAD is a special physical vapor deposition process
(PVD) for thin films. It features the deposition under graz-
ing incidence with very high deposition angles (o > 80°)
and substrate rotation. By rotating and tilting the substrate at
a certain deposition angle, nanostructures grow on the sub-
strate and form a porous layer. The shape and spacing of
these structures can be influenced by the deposition parame-
ters (Robbie et al., 1995; Robbie, 1998).

The use of GLAD is not limited to optical functional lay-
ers. It has also been applied in photonic crystals (Kennedy
et al., 2002, 2003), gas sensors (Hwang et al., 2013; Beck-
ers et al., 2013), field emitters (Singh et al., 2004), nanome-
chanical actuators (Dice et al., 2007), and magnetic devices
(Albrecht et al., 2010; Alouach, 2005), to name a few.

We study two absorption layers, which are deposited un-
der rapid rotation with deposition angles of o = 80° and
a = 85°, respectively. Thus, nano-rods grow on the surface
of the substrate. The dimensions and spatial distribution of
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the nano-rods influence the optical properties of the thin film
and depend strongly on the deposition angle (Hawkeye and
Brett, 2007, p. 1322). Variations in this angle lead to changes
in the porosity of the thin film. Therefore, a structural analy-
sis is essential to quantify these changes and to determine the
optical properties of the resultant porous layers.

Three-dimensional (3-D) image data allow for truly spa-
tial structural characterization. In particular, pore and par-
ticle sizes can be analyzed without strong assumptions re-
garding the shape. Moreover, preferred directions, spatial ar-
rangement, and connectivity can only be analyzed based on
3-D images. For structures finer than 100nm, FIB-SEM is
the imaging method of choice. For recent reviews of this 3-
D imaging technique as well as microstructure characteriza-
tion and simulation for porous ceramics we refer to Holzer
et al. (2016); Penner and Holzer (2018); Prill et al. (2019).
However, in particular for highly porous materials, FIB-SEM
causes several typical imaging artifacts, see Bassim et al.
(2012), Joos et al. (2011), Tomus and Pang (2013), Prill et al.
(2013) and Fitschen et al. (2017).

Here, severe curtaining is the dominant problem. These
artifacts are due to inexact planar slicing by the FIB and ap-
pear as stripes in the vertical (slicing) direction. They can be
removed by filtering in Fourier space (see Liu et al., 2018
and Schankula et al., 2018), filtering the vertical component
of a wavelet decomposition (as devised by Miinch et al.,
2009), and variational methods (described by Fehrenbach
et al., 2012 and Fitschen et al., 2017). Here, we face cur-
taining in the same size range as the actual structure. More-
over, the structure itself is elongated in the vertical direction.
Thus, all of these “decurtaining” methods distort the struc-
ture. Therefore, we use a new approach, tailor-suited to the
special features of the investigated optical layer.

Additionally, FIB-SEM images of highly porous structures
contain so-called shine-through artifacts (Prill et al., 2013),
consisting of structures belonging to deeper slices that are
visible in the current slice. Thus, the segmentation of highly
porous structures is not straightforward. Several segmenta-
tion algorithms (Prill et al., 2013; Prill et al., 2019; Salzer
et al., 2015) are dedicated to overcoming these artifacts.
Here, we apply a new approach to deal with them.

Finally, we analyze the reconstructed structures concern-
ing porosity, anisotropy, and layering. To this end, we mea-
sure porosity; the mean chord lengths, which determine
structural elongation in a given direction; and the spherical
contact distribution. The latter is a versatile tool for charac-
terizing complex structures (e.g., Ohser and Schladitz, 2009;
Stenzel et al., 2014; Machado et al., 2018) and provides in-
formation about how regular or disordered the investigated
structure is, in addition to other important details.

FIB-SEM imaging has successfully been used to study
properties of a single nano-rod as a function of film thick-
ness for porous titanium oxide (titania, TiO;) film obtained
by GLAD (see, e.g, Krause et al., 2010). Additionally, in
Krause et al. (2011) pores are characterized by gas absorp-
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tion and image analysis techniques determining mean dis-
tances between TiO, columns. In this paper, we investigate
the resultant porous structures obtained by the selected de-
position angles to quantitatively compare both thin films. To
our knowledge, this is the first study of its kind. The results
will help to better understand the relation of deposition pa-
rameters and optical properties of GLAD thin films. The first
step to link the optical properties of the thin film with the
deposition parameters is to determine the porosity distribu-
tion over the film thickness as shown in this publication. In
a subsequent step, which goes beyond the scope of this pa-
per, the optical properties (e.g., the spectral absorption coef-
ficient) can be calculated from the porosity distribution us-
ing the effective medium theory (Bruggeman, 1935; Garnett,
1904, 1906). Thus, it is possible to produce absorption layers
with tailored optical properties for thermal infrared detectors
that exhibit high absorption in the desired spectral range and
low heat capacity. As a result, the spectral responsivity of
such sensors can be improved.

This paper is organized as follows. Sections 2 and 3
present the preparation and imaging of the absorption lay-
ers. Section 4 is dedicated to image processing and recon-
struction of the solid phase. Section 5 contains the structural
analysis. Conclusions are given in Sect. 6.

2 GLAD of tantalum thin films

A schematic representation of the setup of the deposition
system is presented in Fig. 1. The tantalum target is heated
with an electron beam evaporator and transferred into the gas
phase. The distance between the target and the substrate is
23 cm. The substrate is tilted at deposition angle « and is ro-
tated rapidly at 10.5 rev min~'. The deposition rate is moni-
tored and kept constant during the entire deposition process
using a quartz crystal monitor placed at a fixed position in
the vacuum chamber.

We investigate two absorption layers — Ta80 and Ta85 —
which have the following respective deposition angles: o =
80° and o = 85°. Table 1 summarizes the conditions used for
the deposition of these samples.

A substrate temperature above 30 % of the melting tem-
perature of the target material increases the surface mobility
of the impinging particles. In this case, the substrate tem-
perature can be regarded as a further degree of freedom to
influence the film structure (Hawkeye et al., 2014, p. 73). To
reduce the degrees of freedom and for better reproducibility,
the substrate is cooled actively so its temperature is held be-
low 30 °C during the evaporation. As a result, the diffusion
length of the adsorbed particles on the substrate surface is
reduced to a negligible level. The tantalum was deposed at a
working pressure of 5 x 107°—7.5 x 107> Torr.
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Table 1. Conditions for the deposition of the Ta80 and Ta85 sam-
ples.

System parameter Ta80 Ta85
Deposition angle « (°) 80 85
Rotation speed ¢ (rev min—!) 10.5
Deposition rate d (nnm min~! ) 59 66
Working pressure (Torr) (5...7.5) x 105
Substrate temperature (°C) <30

E-beam

evaporator \‘ — ‘

Figure 1. Setup of the GLAD apparatus adapted from Schossig
(2012a, p. 90) (QCM — quartz crystal monitor).

3 FIB-SEM imaging

FIB-SEM measurements are conducted using the Crossbeam
NVision 40 field emission scanning electron microscope
(FE-SEM) by Carl Zeiss with integrated advanced tomog-
raphy package Atlas 5 3-D-Tomography. This equipment al-
lows for high-resolution 3-D images with defined pixel sizes
in all directions to be recorded.

For minimization of charging effects and sample drift dur-
ing the long measurement period, the sample is first fixed and
electrically conducted by conductive silver. In addition, the
whole sample surface is coated by an approximately 100 nm
thick gold layer. For the protection of the 3-D preparation
area and to ensure sharp-edge FIB cuts, an approximately
30pum x 15pm x 0.5 um local carbon layer is applied by ion
beam deposition.

Finally, a platinum layer with carbon marks is deposited
for automated slice thickness control, auto-focus, and auto-
stigmation functions using the SEM “AutoTune” and “3-D
Tracking Marks” tools from the Zeiss Atlas 5 software (Carl
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Zeiss Microscopy, 2019). A cross-section of the final, pre-
pared Ta80 sample is shown in Fig. 2.

For the Ta80 and Ta85 samples, respective data sets of 500
and 700 (3800 pixel x 1480 pixel) SEM slices are captured
at a resolution of 10nm x 12.7 nm x 10nm. The FIB/SEM pa-
rameters are adapted manually and optimized for the tanta-
lum as there are no standard conditions for FIB/SEM. In par-
ticular, parameters have to be optimized for the dissipation of
the electric charge introduced by the electron beam and for
reducing sample charging and sample drift so that the sample
remains constant under the electron beam for hours. Thus, for
the tantalum samples, the SEM is operated at a 2 keV acceler-
ation voltage, and the FIB current is 1.5 nA with a slice thick-
ness resolution of 10 nm. For all experiments, the secondary
electron (SE) and the Inlens SE detectors are applied simulta-
neously. Both samples are imaged under the same conditions
to ensure comparability. The images show not only the ma-
terial to be analyzed but also the surroundings; thus, the seg-
mentation is performed on a subset of the data sets referred
to as the region of interest.

4 Image processing

For the reconstruction of the porous 3-D structure, only the
secondary electron (SE) images are used due to their superior
gray value contrast compared with the Inlens SE detector im-
ages.

Throughout the paper, the following coordinate system is
used: the x direction is parallel to the substrate, the y direc-
tion is parallel to the nano-rods’ growth, and the z direction
corresponds to the stacking direction.

Figure 3 shows representative slices of the samples. The
Ta80 data set (Fig. 3a) is strongly compromised by curtain-
ing artifacts in the same size range as the structure. Thus,
decurtaining is indispensable in this sample. The Ta85 data
set (Fig. 3b) also features curtaining artifacts. However, they
have less impact due to the coarser structure and, therefore,
do not need special attention.

In addition to being coarser, Ta85 is more porous. There-
fore, shine-through artifacts are present in this sample. Algo-
rithms to reconstruct the structure in spite of these artifacts
are available (Prill et al., 2013; Salzer et al., 2015). Never-
theless, these algorithms require several parameters and can
introduce artificial anisotropy as they were devised to detect
features along the z direction.

Thus, we exploit the elongated pore shape in the Ta85
sample to introduce an alternative method that can extract
the shine-through artifacts, allowing reconstruction by global
thresholding.

4.1 Preprocessing

First, the images are aligned using Imagel’s StackReg plu-
gin as described by Thevenaz et al. (1998). StackReg aligns
by propagating the image information from one slice to the
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Protective pad (platinum)

Carbon layer
Gold layer
Ta80 layer
Tantalum layer

Silicon substrate

Figure 2. Setup for the automated SEM/FIB experiments exemplified by sample Ta80.

Figure 3. Representative xy slices from the SE image stacks for (a) Ta80 and (b) Ta85.

next causing a parallelogram distortion in the yz plane that
is subsequently corrected by ImageJ’s TransformJ from Mei-
jering et al. (2001). This results in 1001 pixels x 289 pix-
els x 390 pixels with a size of 10nm x 12.7nm x 10nm,
corresponding to a sample size of 10.01pm x 3.67 um x
3.90 um for sample Ta80. For sample Ta85, we get 597 pix-
els x 146 pixels x 59 pixels with a size of 10nm x 12.7 nm x
10nm, corresponding to a sample size of 5.97 um x 1.85 um x
5.93 um.

Later, we apply a gray value normalization on both sam-
ples to correct illumination gradients as follows: first, we
compute the mean gray value along all x rows; then we sub-
tract the resulting mean yz slice from all yz slices to reduce
global gray value fluctuations in the y and z directions; and,
finally, we repeat this procedure for the z columns to amelio-
rate the gray values in the x and y directions.

4.2 Reconstruction of sample Ta80

For Ta80, a dedicated decurtaining algorithm is needed as
state-of-the-art methods (Miinch et al., 2009; Fitschen et al.,
2017; Liu et al., 2018) fail due to the singular vertical shape
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of the structure and pores, which are in the same size range.
Our method thrives on the layered structure of the sample,
resulting in three regions of interest in the image: the top
of the slices, which is free of curtaining; the central region
holding the porous structure with curtaining artifacts; and the
bottom region with curtaining artifacts and with similar gray
values to the top region.

More precisely, from the bottom to top in the y direction,
we have the silicon substrate, the solid tantalum layer, the
porous tantalum forming the actual optical layer, the sput-
tered gold layer, and, finally, the carbon layer (see Fig. 2).
As it is on the top, the carbon layer is not affected by cur-
taining (see Fig. 4a). The gray values of the carbon layer and
the silicon substrate are nearly equal, as silicon and carbon
are both nonmetallic elements with almost the same density.
Thus, our decurtaining algorithm proceeds as follows:

1. A region of interest (ROI) is cropped, as shown in
Fig. 4a. This ROI should contain the top and bottom re-
gions with equal or similar intensity (carbon and silicon
layers).

WWWw.j-sens-sens-syst.net/8/305/2019/
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Constraint region

Figure 4. Decurtaining of Ta80. A slice from the original Ta80 sam-
ple showing the objective and constraint regions (a). The slice after
the decurtaining algorithm (b) and binarization (c).

2. The top layer (without curtaining) is selected as a con-
straint region, and the bottom layer (with curtaining) is
selected as an objective region.

3. The curtaining artifacts are then removed column-wise
by the next two steps:

a. compute the gray value means m. and m, for the
constraint and objective regions within the current
column;

b. add m. — m, to all pixel gray values in the current
column.

If the current column features a dark artifact, then m. > m,
and the correction increases the gray values in the column.
If the current column features a bright artifact, then m. < mq
and the correction decreases the gray values in the column.
The ROI selected in the first step of the algorithm is the same
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as that described above at the end of the Sect. 3. The results
are shown in Fig. 4b.

The decurtained sample Ta80 is directly reconstructed us-
ing global thresholding (Fig. 4c). We choose the threshold
value manually such that the typical shape of the nano-rods
(as narrow vertical structures with small embedded pores) is
preserved. Figure 7a shows a volume rendering of the recon-
struction.

4.3 Reconstruction of sample Ta85

Sample Ta85 is more porous and coarser than sample Ta80.
Hence, global thresholding cannot be applied directly be-
cause of the shine-through artifacts. Here, we can exploit the
particular elongated pore shape and structural width of the
sample to remove the shine-through artifacts in a preprocess-
ing step. This allows us to subsequently binarize by using
global thresholding.

Figure 5a shows an xz slice of the Ta85 image. Here, we
observe a vertical pattern of the structure, where the deep
pores are identified by dark regions. Shine-through artifacts
and solid phase are visible as well. However, the solid and
the pore phases have nearly constant gray values, whereas
shine-trough artifacts have gray values that increase verti-
cally. Thus, we remove them by filtering as follows: we in-
crease the visibility of edges, surface details, and reduce the
noise in the images by applying a difference of Gaussians,
which consists of the subtraction of two blurred images ob-
tained by applying Gaussian blurring on the original images
at specified o7 and o1.

This algorithm is typically applied with a size ratio of 4 : 1
for 05 to o1. Thus, the sigma sizes are o, = (4, 1,4) and o] =
(1, 1, 1), where the first component belongs to the x direction,
the second belongs to the y direction, and the third belongs
to the z direction. Figure 5b shows a representative slice after
filtering using difference of Gaussians.

Subsequently, we apply a morphological fill-holes oper-
ation that removes all regional minima which are not con-
nected to the image border (Soille, 1999). The regional min-
ima are obtained by subtracting the input stack from the stack
to which fill-holes has been applied (Fig. 5c¢). This image
shows regions that definitely belong to the pore phase in
black. Still, the nonzero regions contain shine-through arti-
facts.

We extract them using a white top-hat transform, which
removes small elements and details from images given a suit-
able structuring element. This morphological operation con-
siders the difference of the original image and its morpholog-
ical opening. The structuring element for the opening can be
chosen according to the shape of the artifacts, which are ex-
tended in the z direction. A cuboid of size (x, y,z) = (3,1,5)
has given good results for the extraction of the artifacts. Fig-
ure 5d shows shine-through artifacts (blue) and the solid
phase (red) overlapped.

J. Sens. Sens. Syst., 8, 305-315, 2019
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2 um

Figure 5. Ta85 xz profiles: (a) the original stack, (b) after difference of Gaussians, (c) after the subtraction of fill-holes, and (d) the overlapped
image (red represents the matrix phase, and blue represents the extracted shine-through artifacts).

After removing the shine-through artifacts, the images are
segmented by global gray value thresholding with a manu-
ally chosen threshold. See Fig. 6 for the results. A volume
rendering of the reconstructions is show in Fig. 7b.

4.4 Porosity validation

We use highly resolved 2-D images of the Ta80 and Ta85
samples with a 3nm x 3nm pixel size to validate our re-
constructions regarding the porosity. The samples considered
here belong to smaller thin films deposited with the same
conditions as those presented above. For sample Ta80, the
maximum height of the smaller version is 1400 nm. We de-
note this sample as Ta80a.

Figure 8a and ¢ show these highly resolved 2-D images.
They are segmented by applying a manually chosen global
threshold as shown in Fig. 8b and d. Porosities regarding the
height of these images are shown in Fig. 9a. Here, a height of
0 nm represents the height at which the substrate ends. Fig-
ure 9b shows the mean porosity in xz slices along the height
y for the 3-D case.

J. Sens. Sens. Syst., 8, 305-315, 2019

For sample Ta80, the porosity of the highly resolved 2-D
image varies (40 % %9 %), whereas the average porosities of
the 3-D case are around 48 %), i.e., the porosities are consis-
tent. For sample Ta85, the porosity in the 2-D case remains
around 61 % £ 5 % for low to middle heights, while for high
heights the porosity increases. In the 3-D case, the average
porosity stays close to 65 % with a tendency to increase with
the height following the previously described trend.

5 Structural analysis

Porosity provides a first insight concerning structural dif-
ferences between the samples. Indeed, Fig. 9b shows that
sample Ta80 is less porous than sample Ta85 (by nearly
20 %) with a noticeable increase with height. Nevertheless,
this measure is insufficient for sample characterization. To
quantitatively measure both samples, we determine the mean
thickness and the mean pore size at different heights above
the substrate. For this reason, we compute the mean chord
lengths for the solid and pore phases. The mean chord length

WWww.j-sens-sens-syst.net/8/305/2019/
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Z

Pore phase

Shine-through
artifacts

Solid phase

Figure 6. Reconstruction result of the Ta85 sample shown as a red overlay on the gray value slices: (a) xy direction, (b) yz direction, and

(c) a close-up of the yz direction.

Figure 7. Volume renderings of the reconstructed Ta80 and Ta85 samples. (a) Ta80: 10um x 4pm x 4 um. (b) Ta85: 6pm x 2um x 6 um.

is the expectation of the length of the typical chord obtained
when intersecting the structure with lines in a given direc-
tion (see e.g., Ohser and Schladitz, 2009). Elongated struc-
tures have a larger mean chord length in the direction of their
elongation.

In particular, we study the mean chord lengths in the x and
z directions as functions of the heights as show Fig. 10a and
b. For sample Ta80, the mean chord lengths tend to be stable
in the sense that they remain in the 42+ 10 nm and 3810 nm
intervals for the solid phase and pore phase, respectively.
Conversely, for sample Ta85, the mean chord lengths of the
pore phase increase with height as shown in Fig. 10b.

Furthermore, in both samples, we observe an artificial
anisotropy. More precisely, the mean chord lengths in the
x and z directions should be equal but differ by almost 7 %
and 18 % for Ta80 and Ta85, respectively. For sample Ta80,
this is due to imperfectly removed curtaining biasing the
chord lengths in x direction downwards, whereas for sample

Www.j-sens-sens-syst.net/8/305/2019/

Ta85, the underestimation in x direction is originates from
curtaining.

For our structural comparison, this is not crucial as both
samples are affected. However, this source of error has to
be taken into account or corrected for, e.g., when simulating
macroscopic material properties (Prill et al., 2019).

To obtain more information about the spatial arrangement
of the nano-rods, we compute the spherical contact distribu-
tion for the pore phase, which is defined as follows: if we de-
note the 3-D structure as E, and the unit ball centered in the
origin as B € R3, the spherical contact distribution is given
by
Hy(r)=P(ENrB#20¢€ &), r>0 (1)
Hy(r) denotes the probability of reaching the solid phase
from a randomly chosen point of the pore phase within a dis-
tance less than or equal to » (Ohser and Miicklich, 2000).

J. Sens. Sens. Syst., 8, 305-315, 2019
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Figure 8. Highly resolved SEM images and binarizations of the absorption layers. Pixel edge lengths 3 nm. (a) Sample Ta80. (b) Binarization
of (a). (c) Sample Ta85. (d) Binarization of (c¢). The tantalum component of Ta80 appears thinner than that of sample Ta85. Moreover, pores

in Ta85 grow bottom up.

@
e Ta 85
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Figure 9. Porosities as functions of the height over the substrate: (a) Porosity in 1-D segments of the 2-D images from Fig. 8b and d. (b)
Porosity in xz slices of the reconstructed FIB-SEM stacks. Porosity remains nearly constant for Ta80, whereas it increases with height for

Ta85.

It can be estimated efficiently using a linear time Euclidean
distance transform algorithm.

In our data, the pore space is only a few pixels thin which
leads to overly rough estimated distributions when using con-
ventional distance transform algorithms. Using a sub-pixel
precision leads to better resolved distributions (Lindblad and
Sladoje, 2015; Godehardt et al., 2019). Figure 11 shows the
spherical contact distribution at 600 and 1200 nm for both
samples. Analyzing the spherical contact distributions for all
heights yields Fig. 12, where the colors denote the values of
Hy(r). This, the spherical contact distribution again empha-
sizes that sample Ta85 is coarser than Ta80 and coarsens with
increasing height. Namely, a deposition angle of 80° leads to

J. Sens. Sens. Syst., 8, 305-315, 2019

structural similarity along the height, whereas a higher depo-
sition angle of 85° leads to pore structure coarsening.

6 Conclusions

FIB-SEM imaging is a versatile method of obtaining images
of porous materials at the nanoscale level that has the ca-
pacity to resolve nanostructures that cannot be detected with
other conventional imaging methods.

Nevertheless, FIB-SEM images of porous material may
have artifacts, which hamper the reconstruction of the struc-
ture. Thus, visual validation in every preprocessing step is
critical to avoid errors during the process.

WWw.j-sens-sens-syst.net/8/305/2019/
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Figure 10. Slice-wise mean chord lengths in the x and z directions as functions of the height above the substrate for the solid phase and pore
phase of the reconstructed FIB-SEM stacks: (a) solid phase and (b) pore phase. For Ta80, mean chord lengths do not vary strongly. Only
the solid phase tends to be more elongated in the z direction with increasing height. For Ta85, both the solid phase and the pore phase are
elongated in the z direction. Moreover, pore sizes clearly grow with height.
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Figure 11. Spherical contact distributions for the pore space in the xz slice at (a) 600 nm and (b) 1200 nm over the substrate. At these
heights, Ta85 is clearly coarser than Ta80. Values less than 1 pixel are not considered — they are not reliable due to the fact that the data sets’
resolution does not allow for structural details as small as pores to be differentiated.
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Figure 12. Spherical contact distributions in xz slices as functions of the height over the substrate. Values of the spherical contact distribu-
tions given by the color map. The 70th, 80th, and 95th percentiles are delineated. Vertical lines at 600 and 1200 nm indicate the location of
the curves represented in Fig. 11. Panel (a) represents Ta80, and panel (b) represents Ta85. For Ta80, the spherical contact distributions do
not change significantly with height. The probability of reaching the solid within 20 nm of a random point in the pore space is nearly 1. For
sample Ta85, this distance is considerably larger than in Ta80. Moreover, it clearly increases with height, which means that the comparably
coarse pore structure becomes even coarser from bottom to top.
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The mean porosity values from the 2-D images and the
3-D stack show good agreement. The evaluation of the 3-D
stack and the high-resolution 2-D images reveals an average
porosity that increases with the deposition angle. This is due
to the fact that the distance between the nanostructures rises
strongly with increasing deposition angle because the shad-
owing mechanism of the GLAD process intensifies the ex-
tinction of the nanostructures during film growth.

For a deposition angle of 80° (Ta80), average porosities
of approximately 48 % (3-D stack) or 40 % (high-resolution
2-D image) result over the entire layer thickness. If the layer
grows at a constant speed, a constant porosity profile across
the layer thickness results at a fixed deposition rate on the
quartz crystal monitor. The constant porosity profile at 80°
confirms the assumption that the mobility of the incident par-
ticles is severely restricted by the substrate cooling.

For a deposition angle of 85° (Ta85), the results display
average porosities of approximately 65 % (3-D stack) or 61 %
(2-D image), with a slight increase in porosity from 60 % to
70 % across the layer thickness in the 3-D-stack. Again, the
small increase in porosity demonstrates the influence of the
substrate cooling.

The 3-D analysis based on the reconstructed structures is
advantageous regarding analysis on highly resolved 2-D im-
ages because it determines spatial structural differences. In-
deed, the structural analysis via the spherical contact func-
tion reports that the pore structure of sample Ta85 becomes
coarser with rising height in comparison to sample Ta80.
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