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Abstract
Focused ion beam (FIB) – scanning electron microscopy
(SEM) serial sectioning tomography has become an important tool for three-dimensional microstructure reconstruction
of solid oxide fuel cells (SOFC) to obtain an understanding of
fabrication-related effects and SOFC performance. By sequential FIB milling and SEM imaging a stack of cross-section
images across all functional SOFC layers was generated covering a large volume of 3.5104 mm3. One crucial step is image
segmentation where regions with different image intensities
are assigned to different material phases within the SOFC. To
analyze all relevant SOFC materials, it was up to now mandatory to acquire several images by scanning the same region
with different imaging parameters because sufficient material

1 Introduction
Solid oxide fuel cells (SOFCs) are attractive devices for the
conversion of chemical into electrical energy. High conversion
efficiency, combustion-less operation and fuel flexibility make
SOFCs highly interesting in the field of combined heat and
power generation [1]. Although SOFCs have been investigated
for decades, there is still a considerable need for microstructure optimization, even if well-established SOFC materials
and fabrication technologies are used. Scanning electron microscopy (SEM) has been an essential technique to elucidate
the SOFC microstructure and correlate microstructure with
electrochemical properties and fabrication parameters. However, not all relevant parameters of the SOFC microstructure
can be quantitatively measured based on single SEM images.
The determination of important properties like tortuosity and
triple phase boundary (TPB) length in the porous SOFC
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contrast could otherwise not be achieved. In this work we
obtained high-contast SEM images from a single scan to
reconstract all functional SOFC layers consisting of a
Ni/Y2O3-doped ZrO2 (YDZ) cermet anode, YDZ electrolyte
and (La,Sr)MnO3/YDZ cathode. This was possible by using
different, simultaneous read-out detectors installed in a stateof-the-art scanning electron microscope. In addition, we used
a deterministic approach for the optimization of imaging
parameters by employing Monte Carlo simulations rather
than trial-and-error tests. We also studied the effect of detection geometry, detecting angle range and detector type.
Keywords: Backscattered Electron, Detectors, FIB-SEM
Tomography, Material Contrast, Secondary Electron, Solid
Oxide Fuel Cell

cathode and anode requires reconstruction of the three-dimensional (3D) microstructure. An established technique for this
purpose is focused ion beam (FIB)-SEM serial sectioning tomography, which allows to reconstruct the 3D microstructure
with a spatial resolution in the few 10 nm range and extract
performance-relevant cell parameters [2–7]. In FIB-SEM tomography, a series of alternating FIB milling and SEM imaging
steps produces a set of images through a chosen sample
volume. Single images can be decomposed into regions containing different materials if materials exhibit different SEM
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pﬃﬃﬃﬃ
h ¼ ð1 þ cosjÞ Z

(1)

with the average atomic number of the material Z and the angle
between primary electron beam and specimen surface j [32].
The pronounced dependence of the BSE intensity on chemical
composition makes BSE SEM imaging well suited to distinguish
phases with different chemical compositions. However, some
commonly used SOFC materials exhibit weak material contrast
because their average atomic numbers are similar. This applies,
e.g., to (La,Sr)MnO3 (LSM) and Y2O3-doped ZrO2, (YDZ), which
are commonly used in SOFC cathodes [4, 5, 8–10]. In some
instances, SE SEM imaging at low electron energies (0.6–2 keV)
and employing an in-lens SE detector have also been successful
to generate material contrast in SOFC anodes or cathodes [4, 6,
11–14], because SE coefficients increase with decreasing electron
energy and the effect of the work function of the material influences SE emission [12, 15]. However, sample charging and the
resulting local change of work function greatly affects SE imaging. Even highly conductive materials like Ni, which is commonly used in SOFC anodes, can show pronounced changes in
the SE yield depending on how well it is connected electrically
[16]. Due to these difficulties, it was up to now not possible to
achieve sufficient material contrast of the materials in all functional layers, i.e., cathode, anode and electrolyte, with one set of
SEM imaging parameters.
In this study, the 3D structure of all functional SOFC layers
was reconstructed covering a large volume of 3.5104 mm3 with
a resolution in the few nm range. Standard SOFC materials
are considered comprising YDZ and Ni for the cermet anode,
YDZ for the electrolyte and LSM and YDZ for the cathode.
SEM imaging conditions for the porous cermet anode and porous cathode were first optimized by a deterministic approach
rather than trial-and-error tests. For this purpose Monte Carlo
(MC) simulations were used, which are well established for
the simulation of SE and BSE coefficients [17, 18]. We also have
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analyzed the effect of the detection geometry of the different
detectors and the influence of the collection angle range of
BSEs on material contrast. Based on optimized parameters,
FIB-SEM tomography experiments were performed with a
state-of-the-art FIB-SEM instrument with four different SE and
BSE detectors. We will demonstrate that the use of different SE
and BSE detectors in a correlative way for simultaneous image
acquisition within a single scan yields different intensities for
all relevant phases and allows reliable segmentation of all primary and secondary phases.

2 Experimentals
2.1 Materials and Cell Fabrication
A-site deficient lanthanum manganite with the composition
(La0.8Sr0.2)0.98MnO3 (LSM) was used as cathode material. The
electrolyte is composed of 8 mol.% Y2O3-doped zirconia
(YDZ) which was also added in the cathode and anode to
increase the triple-phase boundary length. SOFC functional
layers comprising a LSM cathode conduction layer (CCL), a
LSM/YDZ cathode functional layer (CFL), a YDZ electrolyte
and a Ni/YDZ cermet anode were screen printed on a green
Zn-doped silicate substrate (Mg2SiO4) with a thickness of
about 1,250 mm. The whole cell was then co-sintered at temperatures between 1,100 C and 1,300 C in air. Pore formers
were included in the substrate, CCL, CFL and anode to produce the desired porosity during co-sintering. The final thicknesses of functional layers were 70 mm (CCL), 16 mm (CFL),
15 mm (electrolyte) and 15 mm (anode). The cell was operated
for a few hours in a test bench at 750 C with air on the cathode and hydrogen on the anode side. The fuel utilization was
less than 5%. A cross-section elemental map of the whole
SOFC was obtained by scanning electron microscopy – energy
dispersive X-ray spectroscopy (SEM-EDXS) and is shown in
Figure 1a. Different colors display the local intensities of the
Mg–K, Zr–L, Ni–K, and La–L X-ray lines, which allow to identify different functional SOFC layers. The SE SEM image
Figure 1b taken at 15 keV with the through-lens detector
shows the same SOFC region, and it is obvious that the image
intensity does not allow to distinguish different materials.
2.2 SEM Imaging and FIB-SEM Tomography
SOFC cells were cut using a diamond wire saw (Well
Diamantdrahtsägen GmbH, Mannheim, Germany) and
embedded into EpoFix epoxy resin (Struers A/S, Ballerup,
Denmark) under vacuum conditions to infiltrate pores. The
resin block was polished with diamond lapping film to obtain
a clean edge for FIB cross-section preparation. To reduce
charging, the sample surface was coated with 20 nm platinum
in a Leica ACE600 (Leica Microsystems GmbH, Wetzlar,
Germany) sputter coater. The area of interest was covered by a
thick layer of platinum (> 1 mm) using subsequent electronbeam and ion-beam-induced deposition in a SEM/FIB Thermo
Scientific Helios G4 FX DualBeam (Thermo Fisher Scienti-
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intensities. Hence, reliable segmentation of different phases and
consecutive 3D reconstruction requires high contrast between
different materials. Therefore, it is essential to optimize material
contrast by selecting adequate parameters for SEM imaging.
In SEM, common electron signals can be divided into secondary electron (SE) and backscattered electron (BSE) signals.
SEs with low energies (by definition < 50 eV) can only exit
from the sample if they are generated close to the specimen
surface. Therefore, SE image intensity is governed by the local
surface tilt with respect to the incident electron beam yielding
mainly topography contrast with only minor contributions
from the material composition. BSEs with higher electron
energies are predominantly generated by few elastic scattering
events, which leads to a strong dependence on the chemical
composition and only to a lesser degree on surface topography. The image intensity is generally assessed by the SE or
BSE coefficients, which are defined by the number of generated SE or BSE per primary electron, respectively. An empirical equation for the BSE coefficient h is given by
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Fig. 1 SOFC cross-section prepared by focused-ion-beam milling. (a) Element mapping obtained
by SEM-EDXS and (b) 15 keV secondary electron SEM image obtained with the through-lens
detector of the same SOFC region. Scale bar in (b) applies to both images. (c) Scheme of Helios
G4 FX instrument with different secondary and backscattered electron detectors used in this
study.

fic, Waltham, Massachusetts, USA) instrument, which was also
used for FIB-SEM tomography. A simplified scheme of the
instrument including the SE and BSE detectors used within this
study is depicted in Figure 1c. The through-lens detector (TLD)
is a photomultiplier-tube based detector that is capable of
detecting SEs or BSEs. The electrical potential of the mirror electrode and the suction tube can be adjusted to alter the detection
characteristic of the TLD. More details of the TLD capabilities
are outlined by Konvalina et al. [19]. In contrast to the previously mentioned detector, the concentric backscatter detector
(CBS), mirror detector (MD) and in-column detector (ICD) are
solid-state semiconductor detectors designed for capturing
backscattered electrons. Image acquisition with in-column/inlens detectors is particularly advantageous because these detectors can be used with the specimen immersed in the magnetic
field of the objective lens (often referred to as immersion mode
in the microscope software). This design reduces lens aberrations resulting in a smaller probe size and, therefore, a significant improvement in spatial resolution
Element distributions were obtained by EDXS-SEM mappings. For this purpose, a Bruker (Bruker Corporation, Billerica, Massachusetts, USA) X-Flash 6 system in the Helios G4 FX
was used. Acquisition and evaluation was performed with the
Bruker ESPRIT 2.1 software.
In FIB-SEM tomography, the top sample surface is oriented
perpendicular to the ion beam (52 stage tilt). A cross-section
plane of the SOFC is polished to create a surface that can be
imaged by the electron beam (cf. Figure 1c). To reduce
mechanical movement of the stage, SEM images are typically
recorded in tilted position. Resulting geometric distortions are
removed by the microscope user interface. To prevent detector
shadowing during SEM image acquisition, large trenches in the
vicinity of the region of interest (ROI) were cut with a high
Ga+-ion beam current (up to 65 nA). FIB-SEM tomography was
performed by repeated SEM imaging and FIB milling leading to
datasets of typically several hundred SEM images. Ga+-ion currents for FIB-SEM serial sectioning were set to 2.4 nA at 30 keV
Ga-ion energy.

582

ª 2020 The Authors. Published by Wiley-VCH GmbH

SEM images were recorded in immersion mode at eucentric working distance
(approximately 4 mm). A total number of
416 consecutive slices with a slice thickness of 30 nm were recorded. The image
stack was aligned by the Avizo software
package (FEI, Version 9.2). Afterwards a
3D median and an anisotropic diffusion
filter were applied to reduce image noise.
Segmentation was carried out using the
region-growing algorithm, described by
Joos et al. [6]. Mesh generation and 3D
visualization were conducted with Simpleware software (version P-2019.09;
Synopsys, Inc., Mountain View, USA) and
Blender (version 2.77; Blender Foundation, Amsterdam, Nederlands), respectively.

2.3 Monte Carlo Simulations
Monte Carlo (MC) electron-trajectory simulations are well
established to study BSE and SE SEM image intensities
[16, 18, 20, 21] and are therefore also well suited to optimize
imaging conditions. MC simulations allow to take into
account different material compositions, sample geometries,
electron energies and detection parameters. MC simulations
in this work were performed by the CASINO software package (v3.3.0.4) [22] for a primary electron energy range
between 1 and 15 keV. 107 electron trajectories were simulated to accurately describe SE and BSE coefficients d and h
of all considered materials, which are determined by the
ratio of simulated SEs and BSEs and the total number simulated trajectories. For 2D images, a lower number of simulated electrons (103–104) per pixel were used to reduce computation time. Input parameters for MC simulations are
material properties (materials density, average atomic number, work function and plasmon energy) which are given in
Table 1 for the materials relevant in this work. Due to the
lack of data for the epoxy resin used to fill pores, parameters were assumed to be similar to EPON [23]. Mott crosssections were selected in the simulation package to describe
elastic scattering. SE coefficients were simulated using the
dielectric function approach, which requires the knowledge
of work function and plasmon energy of the simulated
materials. Work function and plasmon energy for Ni are
included in the CASINO software package. The work function for YDZ was taken from [24] and its plasmon energy
was assumed to be the same as for ZrO2 [25]. Plasmon energies for the other materials are not available in literature
and, hence, their SE coefficients were not calculated.
It was taken into account in the simulations that the
specimen surface is tilted by 38 with respect to the incident electron beam (52 stage tilt, cf. Figure 1c), which is
a common configuration for FIB-SEM tomography experiments.
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Phase

Stoichiometry

Density / g cm–3


Average atomic number Z

EPON [23]

H111C115O24

1.25

4.0

YDZ

Zr0.84Y0.16O2–d

6.0

18.6

LSM

(La0.8Sr0.2)0.98MnO3–d

6.5

20.3

ZMO

ZnMn2O4

5.2

16.0

Ni

Ni

8.9

28.0

LSCF

La0.6Sr0.4Co0.2Fe0.8O3–d

6.3

19.9

CGO

Ce0.9Gd0.1O3–d

7.2

34.5

SZO

SrZrO3

5.4

20.4

3 Results and Discussion
The investigated SOFC contains several materials, which
require contrast optimization for reliable distinction and segmentation. For example, the material parameters of LSM and
YDZ in the composite cathode are similar (cf. Table 1) and
require imaging parameter optimization to achieve sufficient
material contrast. MC simulations are therefore presented in
Section 3.1 to investigate the influence of the electron energy
on material contrast. In addition, the penetration depth of electrons is simulated to estimate expected resolution. Hereby we
focus on the epoxy phase as its low material density suggests
the highest penetration depth. Experimental results are presented in Section 3.2, which focus on the detection characteristics of different electron detectors in the Helios G4 FX to
further optimize contrast. This includes the effect of collection
angle range of the used detectors on contrast formation to
motivate why certain detectors are beneficial for achieving
high material contrast. Finally, optimized imaging parameters
and several detectors are used simultaneously to acquire a
tomographic dataset of all functional SOFC layers. The images
are segmented for phase assignment, consecutive 3D
reconstruction and extraction of performance-relevant SOFC
parameters.

Work function / eV

Plasmon energy / eV

5.14 [24]

14.4 [25]

8.9

6.96

According to Figure 2a, the BSE coefficients of several
SOFC materials like YDZ, LSM, Ni and SrZrO3 (SZO) are similar for a wide range of electron energies. In contrast, CGO
(blue line), ZMO (red line) and epoxy (black line) differ significantly from the other materials, which is reasonable due to
their large difference in average atomic number and material
density. Apart from Ni, ZMO and epoxy, there is only a weak
dependence of h on the electron energy for E ‡ 3 keV which
was also shown experimentally for other materials [27]. BSE
coefficients for E < 3 keV either decrease or increase depending
on the material composition. Figure 2b shows that SE emission
for Ni and YDZ is most pronounced at low electron energies
and quickly decays towards higher electron energies. The
simulated SE coefficient of Ni agrees well with experimental
data [16].
BSE image contrast CBSE of two materials A, B with BSE
coefficients hA, hB is defined by
CBSE ¼

hA  hB
hA

(2)

Analogously, SE image contrast CSE is defined by
CSE ¼

dA  dB
dA

(3)

3.1 Monte Carlo Simulations
3.1.1 Influence of Electron Energy on Material Contrast
The electron energy is an important parameter for
material contrast in SEM imaging as shown by
[16, 26], and is determined by the SE coefficient d
and BSE coefficient h of the considered materials.
MC simulations of electron trajectories were used to
simulate h of common SOFC materials, relevant
secondary phases and resin with properties given in
Table 1. The results are shown in Figure 2a for electron energies between 1 and 15 keV. The SE
coefficient shown in Figure 2b could only be determined for YDZ and Ni due to the lack of data for
work functions and plasmon energies for the other
materials.

FUEL CELLS 20, 2020, No. 5, 580–591

Fig. 2 MC simulations of (a) BSE and (b) SE coefficients for common SOFC materials, secondary phases and epoxy resin as a function of electron energy.
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Table 1 Input parameters for Monte Carlo simulation of all materials contained in the investigated SOFC.
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electron energy. There is a reasonable
agreement between experimental data
and simulations, considering the
above mentioned simplifications. The
contrast between LSM and YDZ
increases moderately between 3 and
9 keV, whereas there is a strong
increase of contrast of LSM-epoxy and
YDZ-epoxy.
After verification of the simulations by experimental results, we can
conclude the following from the simulations. (i) BSE contrast increases for
most material combinations with elecFig. 3 Simulated (a,b) BSE and (c) SE image contrast for different material combinations (see legend)
tron energy. (ii) This does not apply
as a function of electron energy. For the sake of visibility, (a) BSE high-contrast and (b) BSE low-contrast material combinations were plotted separately. Lines are guide to the eye.
for Ni-YDZ where BSE contrast
decreases with the electron energy.
with SE coefficients dA, dB. Simulated BSE and SE material
(iii) SE contrast is high for this material combination but
contrast is depicted in Figure 3 for different material combinadescreases also with electron energy. (iv) There is in general
tions.
low BSE contrast for LSM-YDZ.
For the sake of clarity, only the BSE contrast of material
combinations relevant in this study are presented. This
3.1.2 Penetration Depth of Electrons in Epoxy
includes LSM-epoxy, Ni-epoxy, YDZ-epoxy in Figure 3a and
The results of the preceding paragraph indicate that higher
Ni-YDZ (anode), LSM-YDZ (cathode), YDZ-ZMO in
electron energies are prefereable for high material contrast
Figure 3b. Interestingly, the BSE contrast increases with
(apart from Ni-YDZ). However, a constraint on the choice of
increasing electron energy for all material combinations except
electron energy is set by the signal information depth. As BSEs
for Ni-YDZ (gray line in Figure 3b) with strongly decreasing
can be generated at significant distance from the surface,
BSE contrast towards higher electron energies. BSE contrast
materials with low material density and atomic number like
for LSM-YDZ is in general low (blue line in Figure 3b) as
epoxy resin become more transparent with increasing electron
anticipated from similar materials properties. SE contrast of
energy. Hence, small pores might be missed entirely. To charNi-YDZ shown in Figure 3c also decreases with electron
acterize the information depth of BSEs in epoxy, the BSE coefenergy. We note, that SE contrast of Ni-YDZ is more than one
ficient of a sample composed of an epoxy film with varying
order of magnitude higher compared to BSE contrast.
film thickness on a YDZ substrate was simulated for different
MC simulations were experimentally validated. For this
electron energies. A scheme of the model sample is shown in
purpose, BSE images of a CFL region containing LSM and
Figure 5a. The simulated line scan is indicated by the letter A.
YSZ were taken with the MD at 3, 5, 7, and 9 keV without
The BSE coefficient of epoxy hepoxy is much lower compared to
changing amplifier settings of the BSE detector. The average
the BSE coefficient of YDZ hYDZ, as already shown in
image intensity of each phase was evaluated using ImageJ Fiji
Figure 2a.
[28]. Image contrast of the phases was calculated based on the
average image intensities I by
CImg ¼

IA  IB
IA

(4)

Since the brightness setting of the detector produces an
arbitrary offset between measured image intensity and the
number of detected electrons, only a qualitative comparison
between experiment and simulation is possible. One also
needs to be aware that the signal intensity of semiconductor
BSE detectors depends not only on the number of detected
electrons but also on their individual energies because the
number of generated electron/hole pairs in semiconductor
detectors depends on the electron energy. In addition, the
simulated BSE coefficients do not account for the limited collection angle range of the employed BSE detector. The experimental image contrast is shown in Figure 4 as a function of the
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Fig. 4 Experimentally measured BSE contrast as a function of electron
energy for different material combinations according to legend. Lines
are guide to the eye.
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q¼

hfilm  hEpoxy
hYDZ  hEpoxy

3.2.1 Choice of Detector and Detector Parameters
(5)

BSE and SE images of the CFL taken at 3 keV with different
detectors are depicted in Figures 7a–d with intensity histograms below the SEM images. To verify phase assignment in
this region, a color-coded element distribution of Mn (LSM,
red) and Zr (YDZ, blue) obtained by EDXS-SEM mapping is
presented in Figure 7e.

For q = 0 BSE are mainly generated within the epoxy film.
If q reaches 1 most BSE are generated by the underlying YDZ
substrate. The values of q as a function of epoxy film thickness
are plotted in Figure 5b for electron energies between 1 and
9 keV. If hfilm » hepoxy it is assumed that
BSEs are mainly generated in the
epoxy film. Hence, the epoxy film
thickness where q reaches zero in
Figure 5b corresponds to information
depth. However, due to noise and the
tail shape of the curve we consider the
position where q reaches 1% as information depth. The information depth
is given in Table 2 and ranges
between 20.1 nm for 1 keV to 751 nm
Fig. 6 Simulated BSE images of a YDZ and epoxy film with varying film thickness on a YDZ subfor 9 keV.
strate. The electron energy was set to (a) 1 keV, (b) 3 keV, (c) 5 keV, (d) 7 keV, and (e) 9 keV. The
Hence, images of epoxy-filled
scale bar in (a) applies to all images. The simulated geometry is shown in Figure 5a and highlighted
with the letter B.
pores taken at high electron energies

FUEL CELLS 20, 2020, No. 5, 580–591
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will display show-through effects of the underlying
materials to the large information depth, e.g., 751 nm
at 9 keV. However, this does not necessarily pose as
a problem for image segmentation. This is demonstrated by simulated BSE images based on a model
where next to the epoxy film a YDZ film with identical thickness is added. This geometry is illustrated in
Figure 5a where the simulated image area is indicated with the letter B. Simulated BSE images are
presented in Figure 6. As mentioned previously,
show-through effects become increasingly pronounced with increasing electron energies and for
Fig. 5 (a) Scheme of the simulated sample geometry. The dotted red arrow (labelled
small film thicknesses. In addition, the YDZ film at
A) corresponds to the scan direction of the simulated line profile with linearly
increasing epoxy film thickness. The hatched rectangle (labelled B) visualizes the
the interface appears brighter which can be
area used to simulate a BSE image. (b) Contribution of YDZ substrate to the BSE
explained by the reduced absorption of BSEs propacoefficient as a function of epoxy film thickness.
gating through the epoxy film. Vice versa, the image
intensity at the epoxy side of the interface appears slightly darTable 2 Simulated information depth of BSE in epoxy.
ker owing to the higher absorption probability of electrons
propagating through the YDZ film. Even though showElectron energy / keV
Information depth
Critical thickness
through effects are visible for all electron energies, YDZ and
(I = 1%) / nm
(CBSE = 5%) / nm
epoxy can still be distinguished by their BSE intensity because
1
20
1
there is still enough contrast between pure YDZ and epoxy on
3
122
7
YDZ. If we assume that a BSE contrast CBSE of 5% is sufficient
5
276
18
for distinguishing both phases reliably, we can define a critical
7
491
36
epoxy film thickness that can be used to estimate the depth
9
751
56
resolution limit. The critical thickness ranges between 1.1 nm
and 56.3 nm for electron energies between 1 and 9 keV (cf.
Table 2) which is more than one order of magnitude below the
information depth. If we assume a typical cubic voxel size of 20–
The simulated BSE coefficient at each scanning point
30 nm, an electron energy of 5 keVor lower is mandatory. Hence,
(denoted as hfilm) can indicate whether the signal is generated
experiments were carried out at electron energies £ 5 keV.
within the epoxy film or the underlying YDZ substrate,
depending on whether it is closer to the known values of hYDZ
or hepoxy. To quantify the contribution of the YDZ substrate to
3.2 FIB-SEM Tomography
hfilm denoted by q, the following normalization was used
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achieved. Such an example is presented in the SE image Figure 8a,
which was recorded with the TLD in
SE mode at 5 keV and 0.8 nA electron
beam current. The high image intensity of YDZ can be explained by negative charging. As the electrical conductivity of LSM is several orders of
magnitude higher than in YDZ
[29, 30], charges do not build up in
Fig. 7 Images of the same CFL region. BSE images taken at 3 keV with different detectors (a) ICD, (b)
LSM grains as electrons can move via
MD, and (c) TLD in BSE mode; (d) is a 3 keV SE image taken with the TLD detector in the SE mode; (e)
the percolating LSM network. HowEDXS-SEM mapping obtained at 5 keV displaying the X-ray intensity of the Mn–K (red) and Zr–L (blue)
ever, if LSM grains are electrically isoX-ray lines. The scale bar in (e) applies to all images.
lated, negative charging in combinaIt is obvious that all three phases can be distinguished by
tion with a strong increase in image intensity is visible.
BSE imaging (cf. Figures 7a–c). The bright gray phase can be
Figures 8a and 8b represent two consecutive slices acquired
assigned to LSM. The dark gray phase corresponds to YDZ
during a FIB-SEM tomography experiment where the connecand the epoxy-filled pores show black contrast as predicted by
tion of one LSM grain to the rest of the LSM network was
the simulated BSE coefficients (cf. Figure 2a). The histograms
interrupted. This leads to strong charging for the disconnected
of the ICD and MD micrographs show separate peaks for
grain resulting in a contrast inversion between LSM and YDZ.
YDZ, LSM and epoxy-filled pores. This is not the case for the
This might lead to erroneously assigned phases during image
image in Figure 7c taken with the TLD in the BSE mode. Here,
segmentation. In contrast, images taken simultaneously with
the histogram does not show separate peaks for LSM and
the MD do not show any contrast inversion, as shown in
YDZ due to the weak contrast of the phases.
Figures 8c and 8d. A similar observation was already made
We note, the YDZ peak in the histogram of the ICD image
for Ni/YDZ anodes where percolating and non-percolating Ni
(cf. Figure 7a) is broadened compared to the MD image. This
grains can be distinguished by their image contrast [16].
effect is associated with grain orientation contrast because
BSE images are also capable of revealing additional phases
electron channeling is more pronounced compared to the MD
that can not be distinguished in SE images. In our previous
image. Apparently, channeling is stronger for YDZ compared
work, it was shown that co-sintered SOFCs contain secondary
to LSM. The small collection angle range of the ICD, which is
phases, e.g., ZMO [31]. This phase cannot be reliably detected
located in uppermost position in the electron column
by SE detectors because it shows a similar image intensity as
(cf. Figure 1c), collects only electrons with scattering angles
LSM (cf. Figure 8e). In contrast, ZMO is clearly visible in the
close to 180. Hence, coherent elastic scattering is most proBSE image taken at 5 keV with the MD detector (Figure 8f)
nounced leading to an enhanced sensitivity towards orientabecause it has a considerably lower BSE coefficient compared
tion changes of the crystalline lattice. In contrast, the MD covto LSM or YDZ (cf. MC simulations in Figure 2a). The correers a wider scattering angle range and, therefore, a larger
sponding histogram shows separate peaks for all phases.
number of multiple-scattered electrons are collected leading to
ICD and TLD images of the cermet Ni/YDZ anode are preslightly reduced crystal-orientation sensitivity compared to
sented in Figures 9a–d. The images are recorded with an electhe ICD. Unfortunately, the image intensity in ICD images is
tron energy of 3 keV with their intensity histograms shown
inhomogeneous for a large field-of-view as, e.g., seen in
below the images. A SEM-EDXS mapping with the colorFigure 12a, which is not observed in
MD images. Hence, MD images are
best suited for threshold-based image
segmentation algorithms.
LSM and YDZ cannot be distinguished in the SE image taken at
3 keV with the TLD in the SE mode
(Figure 7d). Instead, strong bright
charging fringes are observed even at
low electron currents (£ 50 pA).
Charging is not surprising due to the
poor electrical conductivity of YDZ.
However, depending on the electron
Fig. 8 (a, b) TLD (SE) and (c, d) MD images of two consecutive FIB slices. Percolated and non-percoenergy, charging fringes can be
lated LSM show different contrast for SEs recorded with the TLD. (e) TLD (SE) and (f) MD image of
reduced and a reasonable contrast
region containing ZMO as secondary phase and corresponding histograms. The scale bar in (d)
between YDZ and LSM can be
applies to (a), (b), and (c). All images were taken at 5 keV electron energy.
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The concentric backscatter (CBS)
detector (cf. Figure 1c and schematic
drawings in Figures 10a–d) was used
to study the effect of the collection
angle range on BSE image contrast for
the CFL. The CBS contains four concentric ring-shaped segments that can
be separately selected to contribute to
Fig. 9 Images of a SOFC Ni/YDZ cermet anode taken at 3 keV with the (a) ICD and TLD in (b) SE
image formation. The inner-most segmode, (c) charge-neutralization mode, and (d) manual mode. A corresponding EDXS mapping with
the color-coded Ni–L and Zr–L line intensity is given in (e). The scale bar in (e) applies to all images.
ment ring (segment A) collects electrons which are almost fully backscattered, i.e., the scattering angle is close to 180 with respect to
coded Ni-L and Zr-L line intensities in Figure 9e was used for
the incident electrons. We adopt the notation that the scatterphase assignment. BSE images turned out to be insufficient to
ing angles are small with respect to the optical axis of the sysdistinguish Ni and YDZ for a wide range of electron energies
tem. Accordingly, the outermost ring detects electrons scatand various BSE detectors. This is exemplified by the image
tered in comparatively high angles (segement D).
acquired with the ICD (cf. Figure 9a), where Ni and YDZ canFigure 10 shows BSE images acquired with only one ring
not be unambiguously separated as shown by the strong oversegment activated. For low collection angles (segment A,
lap of the image intensities of Ni and YDZ in the histogram.
11–18, cf. Figure 10a), good contrast between LSM and YDZ
Pronounced channeling contrast is observed especially for Ni,
is observed as visualized by two separated peaks in the correwhich is the main reason for the poor material contrast. In consponding histogram. Larger collection angles (segment C,
trast to the MC simulations (Figure 2a), the image intensity of Ni
28–36) reduce material contrast as highlighted by the region
appears lower compared to YDZ. This discrepancy can be
in the red circle in Figures 10a–c where phase assignment
attributed to the fact that MC simulations do not take into
becomes increasingly ambiguous even resulting in complete
account Bragg contrast induced by coherent electron scattering.
disappearance of material contrast (segment D, 37–44,
We note, that the dark precipitates within the Ni grains (examcf. Figure 10d). In addition, topographic features as FIBple marked by white arrows in Figure 9a) correspond to a
induced trenches (cf. red arrow in Figures 10a and 10b)
Mn-rich secondary phase that is formed during sample fabricabecome more and more pronounced. This is reasonable as
tion. More details about this phase can be found elsewhere [31].
electrons scattered in larger angles are usually generated close
Using instead SE imaging with the TLD results in reasonable
to the surface [32] and can be used for surface topography imcontrast between Ni and YDZ (cf. Figure 9b). However, strong
aging [33]. Hence, detectors with low collection angles are
charging of YDZ does not provide stable image contrast as the
beneficial to obtain high material contrast and even reduce
image intensity of YDZ increases over time. To avoid charging
contributions of topographic features like FIB trenches.
induced contrast, the TLD can be operated in charge neutralizaThis is further illustrated by systematically increasing the
tion mode (CN) where the suction tube is set to 0 V and the mirworking distance and therefore decreasing the collection
ror electrode to –15 V (cf. Figure 1b). ATLD image recorded with
angles without changing any other microscope parameter. The
the TLD detector operated in CN mode is displayed in
contrast between YDZ and LSM obtained by the CBS (segment
Figure 9c. The strong contrast between YDZ and Ni is also
A) detector increases with decreasing collection angles
reflected by clearly separated YDZ and Ni peaks in the histogram. Compared to the image in standard SE mode Figure 9b, the contrast
between Ni and YDZ is inverted which
is likely to be induced by the absence of
charging-induced intensity contributions for YDZ. Image contrast can be
further improved by increasing the suction tube voltage and further decreasing the voltage of the mirror electrode
in the manual mode (M) to 244.7 V and
–50 V, respectively. An image recorded
with these parameters is shown in
Fig. 10 3 keV BSE images of the same CFL sample region taken with the (a) inner-most segment A
Figure 9d. With these settings reliable
(collection angle 11–18), (b) second inner segment B (collection angle 19–27), (c) second outer
segmentation based on image threshsegment C (collection angle 28–36) and (d) outer-most segment D (collection angle 37–44) of the
CBS detector. Corresponding histograms are given below each image.
olding is possible.
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manual mode with the optimized parameters
given in Section 3.2.2. Three images from one
example slice of the dataset is shown in
Figures 12a–c. BSE images recorded with the
ICD or MD (Figures 12a and 12b) show pronounced contrast for all cathode phases but
insufficient contrast for the anode. The SE
image Figure 12c recorded with the TLD is
well suited to distinguish the anode phases
Ni and YDZ but shows low contrast for cathode phases. Hence, segmentation was carried
out using the TLD signal for the anode
phases. The MD signal was used for segmenting cathode phases rather than the ICD
Fig. 11 (a) Measured BSE image contrast as a function of working distance for 3 keV BSE
signal because the latter one shows intensity
images generated with the CBS A segment. A higher working distance (WD) corresponds to
gradients over the analyzed field of view.
smaller detector collection angles. Note that the left ordinate corresponds BSE contrast of
However, the ICD signal can be used for
LSM/YDZ while the right ordinate corresponds to LSM/epoxy and YDZ/epoxy contrast. (b)
Simulated angular distribution of BSEs with collection angle range indicated for 6.1 and
refinement in cases of ambiguous contrast
4.1 mm working distances. 0 corresponds to the incident direction of the electrons. Note,
due to its overall higher material contrast.
that the LSM intensity curve (orange) is superimposed by the YDZ scattering characteristics
TLD and MD images were segmented using
(gray).
the region growing algorithm as described in
[6]. Segmented TLD and MD images were combined (cf. green
(cf. blue line in Figure 11a). However, image contrast between
and yellow frames in Figures 12b and 12c) to display all
epoxy and YDZ/LSM drops significantly by more than one
phases in a single image (cf. Figure 12d). This procedure was
order of magnitude. This effect can be understood by the
carried out for the whole tomographic image stack.
angular distribution of BSE obtained by MC simulations
The stack of segmented images after 3D reconstruction and
(cf. Figure 11b) where the angular scattering characterics of
rendering is shown in Figure 13a with a large total volume of
LSM, YDZ and epoxy are shown by blue, gray and orange
38 · 83 · 11 mm3. Individual phases, e.g., the secondary phase
lines. The incident electron beam corresponds to an angle of
ZMO (green regions) can be investigated regarding its distri0. Interestingly, the angular BSE distribution of LSM and
bution within the SOFC structure. In Figure 13b only ZMO in
YDZ is almost identical (overlapping gray and orange lines in
green regions is shown. YDZ set transparent to enhance ZMO
Figure 11b) explaining the poor contrast between these materivisibility. It is obvious that the ZMO phase is mainly contained
als and the weak dependence on the collection angle. The geoin the CCL and less frequent in the CFL. In addition, ZMO
metrically estimated CBS collection angle range of segment A
precipitates are accumulated at the cathode–electrolyte interat two different working distances is marked in Figure 11b.
face but do not completely block oxygen-ion transport across
For working distance of 4.1 mm, the signal intensity of epoxy
the interface.
and LSM (or YDZ) collected by the CBS detector differs signifiFor a segmented image stack, various microstructure
cantly. However, with decreasing collection angles and
parameters of the reconstructed functional SOFC layers can be
increasing working distance, the BSE intensity of the materials
converge
and
image
contrast
decreases in agreement with the
experimental results.
3.2.3 Correlative FIB-SEM
Reconstruction with Optimized
Parameters
All functional layers of the investigated SOFC were reconstructed with
a tomographic dataset that was
recorded with a voxel size of 15 · 15 ·
30 nm3 at 3 keV electron energy and
an electron beam current of 0.8 nA.
Images were taken simultaneously
with three different detectors (ICD,
MD and TLD). As outlined previously, the TLD was operated in
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Fig. 12 (a–c) Example images acquired during a FIB-SEM tomography experiment with (a) ICD, (b)
MD, and (c) TLD. All images were recorded simultaneously with a primary electron energy of 3 keV.
(d) shows the segmented image with Ni marked in gray, YDZ in yellow, LSM in blue and ZMO in
green. The scale bar in (a) applies to all images. (d) is obtained by combining segmented regions
from the MD image (green frame) and the TLD image (yellow frame).
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4 Summary and Conclusions

Fig. 13 (a) 3D rendering of the reconstructed SOFC volume with colorcoded phases YDZ, LSM, Ni, and ZMO; (b) 3D rendering (same scale
as in (a)) of the secondary phase ZMO to visualize its distribution within
the SOFC. The YDZ phase is rendered semi-transparent.

calculated. Some of these parameters can be directly related to
cell performance like the tortuosity factor t, describing the
increase of diffusion losses compared to direct diffusive transport. Considering that only one phase with an intrinsic diffusitiy of Din contributes to diffusive transport, the effective diffusivity of a heterogeneous system Deff can be described by
Deff ¼ Din

e
t

(6)

where e accounts for the volume fraction of the phase contributing to diffusion transport.
Parameters (except the triple-phase boundary (TPB)) were
calculated for the anode, CCL and CFL using the software

3D microstructural data obtained by FIB-SEM tomography
facilitate the understanding of cell performance, fabrication
parameters and aging-related phenomenons. However, SEM
images for FIB-SEM tomography require sufficient material
contrast of all materials of interest for reliable segmentation
before 3D reconstruction. In this work we succeeded to simultaneously aquire SEM images with different secondary electron (SE) and backscattered electron (BSE) detectors, which
allow to image all material phases in functional SOFC layers
with high material contrast within a single scan. The investigated cell was composed of a Ni/Y2O3-doped ZrO2 (YDZ) cermet anode, YDZ electrolyte and (La,Sr)MnO3/YDZ cathode.
With the correlative use of BSE and SE images a segmentation
of all electrochemically active cell components was achieved
and performance relevant microstructural data as tortuosity
and triple phase boundary length were extracted for both
anode and cathode. The data revealed poor percolation of the
Ni phase within the cermet anode of the analyzed SOFC.
Monte Carlo (MC) electron trajectory simulations were
shown to be an effective tool to model the complex relationship between material composition, primary electron energy

Table 3 Calculated SOFC parameters volume fractions, triple phase boundary lengths (TPL), percolations and tortuosities for the CCL, CFL and anode
based on FIB-SEM reconstruction.
Phase

CCL

Volume fraction / %
TPB density / mm

CFL
ZMO

Pore

LSM

YDZ

Pore

Ni

YDZ

Pore

64

0.5

35

29

37

34

24

34

42

100

–

99.8

99.8

99.5

99.8

99.8

–2

Directional percolation x / %

Anode

LSM

1.6
96.2

3.5
89.0

Directional percolation y / %

100

–

99.8

96.2

99.8

99.5

89.0

99.8

99.8

Directional percolation z / %

100

–

99.8

96.2

99.8

99.5

89.0

99.8

99.8

Tortuosity x

1.4

¥

3.1

9.4

2.4

4.9

>10

2.8

3.5

Tortuosity y

1.4

¥

2.9

8.3

2.4

3.8

>10

2.7

3.1

Tortuosity z

1.5

¥

2.9

8.9

2.4

4.3

>10

2.8

3.3
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package TauFactor [34]. The TPB length was calculated using
the centroid method and only included actively connected
TPBs. The calculated data of volume fraction, percolation and
tortuosity of the different phases as well as TPB length are
summarized in Table 3. The evaluated data shows that the
porosity in the CCL and CFL are identical while it is somewhat larger in the anode. Percolation is close to 100% in the
cathode. However, it is noteworthy that the Ni network shows
a comparatively poor percolation (90%), which makes electrical breakdown likely during extended operation at high temperatures by Ni grain coarsening. Poor Ni percolation goes
along with a large tortuosity which is considerable higher
compared to other cell designs [14, 35, 36]. In a forthcoming
publication, the parameters in Table 3 will be used to model
the electrochemical performance of the cell.
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and SEM image contrast. BSE contrast for most relevant SOFC
material combinations increases with electron energy with the
exception of Ni-YDZ in the cermet anode where the opposite
behavior is observed. Selection of higher electron energies is
limited by the increasing electron penetration depth leading to
the reduction of lateral resolution.
In contrast to cathode materials, BSE contrast of the
Ni-YDZ cermet anode is generally poor due to strong channeling contrast which is not considered by Monte Carlo simulations. However, SE imaging provides high Ni-YDZ contrast
which was further optimized by using build-in electrodes in
the Helios G4 FX for precise tuning of the SE detection characteristics to effectively reduce charging.
Focusing on the detection parameters of BSE/SE detectors
of a state-of-the-art Helios G4FX provided additional insights
on how to further optimize material contrast. For the cathode,
BSE detectors were shown to be superior compared to SE
detectors because SE contrast strongly depends on the percolation of individual LSM particles due to charging. In addition,
secondary phases like ZMO can be distinguished reliably due
to pronounced material contrast, which is not possible for SE
detection. Systematic analysis of the BSE detector collection
angle demonstrates that detectors with extremely low collection angles are more suitable for capturing material contrast
because the signal is mainly composed of coherently elastically scattered electrons. However, MC simulations show that
exceptions may exist where lower collection angles can also
reduce the material contrast, e.g., between epoxy and YDZ.
Simultaneously acquisition of SE and BSE images with an
optimized electron energy opens up oppurtunities of generating high material contrast for several materials of interest. By
avoiding multiple scans of the same slice with different
parameters, we eliminate sample drift and significantly reduce
the overall acquisition time for tomographic image stacks. This
facilitates a substantial increase of the analyzed volume and
enhances the relevance of the extracted material parameters.
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