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Focused ion beam (FIB)-scanning electron microscopy (SEM) tomography is an extremely important and reliable
technique for the three-dimensional reconstruction of microscopic structures with nanometric resolution, with great
potential to be integrated with other analytical techniques. FIB-SEM tomography plays a crucial role in the
development of innovative multiscale and multimodal correlative microscopy workflows because it can be
seamlessly integrated with other imaging modalities, as the reconstruction range bridges the gap between the non-
destructive X-ray families of tomographic techniques, which provide sub-micron resolution, and the nano- to

atomic-scale resolution achieved by transmission electron microscopy (TEM) tomography.

FIB-SEM tomography 3D reconstruction porous material systems segmentation

| 1. Introduction

Over the last decades, transmission electron microscopy (TEM) and scanning electron microscopy (SEM) have
become essential analytical techniques in both the materials and life sciences. Electron microscopy complements
optical microscopy because of its higher spatial resolution and the information provided by the peculiar interaction
between the electron beam and the specimen. In addition, modern microscopes are equipped with additional
analytical accessories, such as X-ray spectroscopy (both wavelength and energy dispersion), electron backscatter
diffraction (EBSD), Auger electron spectroscopy (AE), or cathodoluminescence (CL), to allow a deeper
characterization of the sample and to provide further information on the chemical content of the samples. Although
instrumental development has brought resolution to the nanometric level for SEM and even beyond for TEM,
electron microscopy remains essentially a visualization technique, where the spatial arrangement of the
constituents is represented in a two-dimensional image W. The possibility of a three-dimensional (3D)
reconstruction in the micrometer range required the long-awaited integration of computer-assisted methods with
the imaging capability of electron microscopes. The first approaches consisted of the tomographic elaboration of a
series of TEM projective images taken at different angles & or the combination of a few conventional SEM images
into a so-called photogrammetry visualization 2. The limitations of both techniques are obvious: TEM tomography
is limited to very small volumes because the sample has to be very thin (50-100 nm of thickness) in order to be
electron transparent, producing a complex sample preparation; reconstruction by SEM photogrammetry is limited
to the external shape of the object, with no information about the inner structure, although the possibility of
performing scanning transmission electron microscopy (STEM) inside a SEM seems very promising for the

performance of successful electron tomography . This is due to the internal structure of a SEM, which facilitates
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the rotation of the holder and, in the absence of a post-specimen lens, allows an almost complete collection of the
transmitted electrons 2!,

The fundamental advance in the 3D approach in the SEM platform came with the introduction of an
electromagnetic column capable of accelerating, focusing, and rastering a beam of positively charged particles.
Focused ion beam (FIB) systems were originally developed to exploit the ability of the energetic ion beam to erode
the sample surface as a tool to expose subsurface areas of the sample for secondary ion mass spectroscopy 8.
Currently, ion beams are generated by liquid metal or ionized plasma sources [, with Ga* ions being the dominant
technology, and FIB can ablate materials from a micrometric range with adequate accuracy. In addition to the
milling capability, the emission of secondary electrons generated by the ion—sample interaction provides a signal
that can be used by the detection system of the SEM to form an ion beam microscopic image. For these reasons,
FIB technology has rapidly advanced in performance and integration with the SEM, becoming the so-called “dual
FIB-SEM system”, which is capable of direct control of the ablation process through simultaneous FIB or SEM
imaging. The 3D reconstruction approach in the SEM is based on the regular alternation of ion milling and
visualization of the exposed section of the sample. This repetition of milling and imaging, commonly referred to as
“slice and view”, generates a sequence of images that will form the input for a computer-assisted 3D digital
reconstruction of the sample volume. In fact, tomography stands for “writing by cutting” and is a method of fully

representing an object.

| 2. FIB-SEM TOMOGRAPHY: System and Data Analysis

Dual Beam Systems

Fig. 1 shows the dual beam FIB-SEM configuration, where the raster of the electron beam is coincident with the
one of the ion beams. The electromagnetic column controlling the electron gun is vertically oriented, as in a
conventional SEM, while the ion beam is tilted at an angle with respect to the electron beam. A modern 6-axis
motorized stage allows rapid positioning and tilting of the sample, maintaining the visibility of the region of interest
(ROI) for both beams.
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Figure 1. Schematic configuration of sample, columns, and detectors inside the dual beam FIB-SEM system, with
the specimen region of interest (ROI) at the coincidence height, where both the electron and ion beam converge at
the same position on the sample surface and at a specific tilt angle. The position of the different detectors inside
the instrument is also shown, with the Everhart-Thornley and BSE detectors positioned laterally in the sample

chamber and just above the end of the electron column, respectively &,

By tilting the stage by about 50° degree, depending on the specific system geometry, the ion beam impinges
perpendicularly and kinematically removes material from the sample surface after a nucleus-nucleus interaction
between the accelerated ions and the target material of the sample 2. This erosion progress from the surface and
exposes a vertical section of the internal structure, which is readily observable with the electron beam. One of the
main issues of slice-and-view reconstruction is the non-isotropy in the tomogram resolution: the resolution in the
milling direction (conventionally referred to as the z- axis) is limited by the ability of the FIB to produce parallel and
planar sections through the specimen, while in the x-y image plane, the resolution is determined by the physical
size of the image pixel and ultimately limited by the diameter of the SEM probe. Resolution along the z-axis is
inferior due to a combination of limiting factors : the width and intensity profile of the focused ion beam widens as
the beam current increases, and source instability and beam drift over the inevitably long acquisition time . The
technological improvement of the latest systems and the introduction of drift correction and feedback of the ion

emission, guarantee complete automation of the whole process and stability over the required time 1924,

Experimental Setup
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For a successful 3D reconstruction of a ROI, a preliminary preparation of the specimen is necessary: the thermal
and electrical conductivity of the sample is beneficial to minimize specimen drift and electrical charging, but at the
same time, especially if the study in question involves the analysis of internal porosity or heterogenous materials,
we must prevent the FIB milling from creating image artefacts. To improve electrical conductivity, the top surface of
the sample can be sputtered with carbon, gold, Cr, or a conductive path can be created between the sample and
the sample-holder using a double-sided carbon or copper tape suitable for electron microscopy. In addition, it is
possible to produce a thick, localised deposition of either Pt, C, or W over the region of interest using the Induced
lon Beam Deposition (IBID) 2. In addition, to protect the internal porosity of a sample, the specimen can be
infiltrated with a resin 1811141 which also provides a better planar section and a good contrast for the pore phase in
the image processing. This method proved to be very useful for this class of samples and its use in the analysis of

porous materials has now become routine.

The choice of the probe current and the dwell time for the serial sectioning depends on several factors: the area of
the exposed section, the milling rate for the target material under investigation, and the instrumental properties of
the FIB system 13181 |ntense currents produce deep and smooth sections in a short time, but they also have
limited accuracy due to their larger diameter and the intensity profile of the ion probe. In addition, material
redeposition is so high that it can hide small features of interest 2. Instead, low-current beams achieve a finer
focusing for their small probe, but can produce artefacts due to incomplete cutting. A detailed review of all the FIB

parameters is well described in the work of Kim et al. 18],

SEM Imaging

The interaction between the electron beam and the target sample produces the two fundamental signals used in
SEM imaging: secondary (SE) and backscattered (BSE) electrons. SE feature a continuous energy spectrum in the
0-100 eV range [ representing weakly bound valence electrons, or, for the metals, conduction band electrons
with binding energy of 1-15 eV 29, BSE are essentially electrons of the primary beam that are deflected at a very
high angle and with low energy loss by elastic scattering with the nuclei of the target material (21, This energy
difference allows the two types of electrons to be collected separately, and then analyzed for the different
information they provide. The BSE signal is highly dependent on the atomic number, giving rise to the so-called the
"Z-contrast". Instead, SE has a more localized signal, although its escape depth strongly depends on the physical
characteristics of the sample 22, Besides, SE imaging is also influenced by the type of detector used. The
Everhart-Thornley detector collects both SE and BSE electrons, but the position of the detector, which is off-axis
respect to the primary beam, favours sensitivity to sample morphology. On the other hand, the SE detector
integrated into the SEM columns (commonly referred as In-lens detector) is effective for operation at short

specimen-column distances and low beam energies 29,

In the FIB tomography, two parameters need to be optimised during the SEM acquisition: the acceleration voltage
of the primary beam and the contrast of the features of interest in the [23lexposed section of the sample. The first
term controls the depth and the radius of the interaction volume, from which the secondary and backscattered

electrons are generated. Generally, the higher is the beam energy, the larger the interaction volume, although, as
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mentioned above, if there also an influence from the chemical elements of the target material and its density (241,
For this reason, the use of a beam energy of 3-5 keV is recommended, resulting in an interaction depth

comparable to the thickness of a single slice of the tomography.

Data Processing

The first step in data processing is the alignment of the collected SEM images. This is a very delicate part of the
process as it affects the following segmentation, and subpixel accuracy is required 22, Some algorithms, such as

the StackReg [28 or TurboReg & plugins for ImageJ, provide a stable and fast procedure.

The next step is to remove any artefacts from the image, where one of the typical image artefacts produced by FIB
milling is the "curtaining effect”, where the surface of the cross-section appears to be covered by some vertical
stripes. These artefacts are due to material inhomogeneities, underestimation of the ion beam exposure dose or
variations in crystal orientation 28 Artefact removal is performed by applying a Fast Fourier Transform (FFT),

adopting the vertical rectangular area as a zero filter mask centred on the vertical axis of symmetry [22],

Besides, as mentioned above, the mismatch between the electron and ion column generates a compression in the

pixel length of the y-direction of the collected image. This value must be corrected using the following formula:

Yr = Yn/sinb (1)

where vy, is the corrected value, y;, is the measured y-value, while 6 is the tilt angle of the sample-holder 9. Other
artefacts can be derived from a local charging, due to non-planar surfaces and pore edges producing extremely
bright areas 29, To improve the ability to localize and distinguish the features of interest during the segmentation
process, contrast and brightness need to be adjusted directly on the single image. Filters like the Gaussian 3D filter
or background equalization, such as the "GradientXTerminator", are commonly used to reduce noise B2 while a

Sigma filter is quite effective in eliminating residual high frequency noise (23134,

After the alignment process and the removal of artefacts, the following step is the segmentation, which Terao et al.
(33 divide into three categories: manual, automatic and semi-automatic processing. The first could achieve highly
accurate results, but it is also operator-dependent and time-consuming, as the user has to inspect and process all
the images. Instead, automatic processing separates different features of interest in a single image by adopting a
global/local thresholding method to the grayscale of the image. One example is the watershed algorithm, which is

largely used in a variety of medical segmentation tasks (28!,

| 3. FIB-SEM TOMOGRAPHY: Applications

Fuel Cells
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The first significant application of the FIB-SEM tomography was the reconstruction of a Ni-Y-stabilized zirconia (Ni-
YSZ) composite anode for solid oxide fuel cells (SOFC), as shown in Figure 2, where the authors connected the
microstructure to the electrochemical performance of the cell by extrapolating parameters such as porosity, three-
phase boundary (TPB) length, or tortuosity (7. However, the identification of the porosities during the
segmentation process resulted in being quite critical. The work of Iwai et al. 28 defined the first procedure to
calculate TPB values using the centroid method, where a TPB is formed by a triangle made of three voxels
containing three different phases (Ni, Y, and pores). The calculation of this parameter is given by the distance
between the centroids of these neighboring triangles. These authors were also the first to introduce the practice of
infiltrating these porous samples with a resin. This procedure was resumed in 2011 by Joos et al. 14, who treated
an SOFC cathode with a two-component resin to improve the planar sectioning and the contrast between the pores
and the electrode material.

Figure 2. The first 3D FIB reconstruction of Ni-YSZ anode for SOFC taken from the work of Wilson et al., where
the three phases are Ni (green), YSZ (gray), and pores (blue) BZ,

A first attempt to combine X-ray computed tomography (XCT) with the FIB-SEM tomography was made by Wargo,
to study of the contributions of the gas diffusion layer (GDL) and the microporous layer (MPL) regions on the
transport by the diffusion media B2. Later, a similar experiment was also proposed by Gébel et al. for evaluating
two different types of GDL materials 49 (Figure 3).
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Figure 3. Reconstruction of two GDL microstructures, H14C7 (a) and 28BC (b), obtained by synchrotron-based X-
ray tomography (pixel size: 0.325 um, while the microporous layer (MPL) in the inlet is the FIB-SEM reconstruction
(pixel size: 5 nm; 500 x 300 x 300 voxels) 49,

Porous ceramic films of Lag gSrg4Coq oFep 035, Used as cathodes in SOFCs, have been extensively studied in
the works of Chen 142l and Endler-Schuck 43, while Almar and co-authors have extended their investigations on
the oxygen transport kinetics of Bag sSrg sC0g gFeg 203.5 (BSCF) cathodes 4l In addition, the influence of different
manufacturing methods on the microstructure of the same class of electrodes has been shown by Singh et al. [43],
while the work of Zekri uses FIB-SEM tomography to evaluate the microstructure degradation of this type of anode

after a long period of operation ¢!,

The first 3D reconstruction of a self-humidifying membrane electrode assembly for proton exchange membrane
fuel cells (PEMFC) was performed by Jung in 2016 44, A 1 um3 volume was reconstructed by the manual
segmentation of a stack of 67 images, with a 15 nm spacing and SEM pixel resolution of 1.5 nm x 1.5 nm.
Okumura investigated the cathode microstructure with a different amount of Nafion® ionomer, using TEM imaging
to highlight the distribution among Nafion®, carbon support, and platinum nanoparticles &l while Vierrath and co-
workers suggested an alternative method to enhance the image contrast of the catalyst layer by filling the matrix
pores with ZnO deposited by atomic layer deposition 49 The collapse of the porous cathode microstructure was
characterized in the work of Star et al. BY by the correlation of electrochemical methods, infrared spectroscopy,
and FIB-SEM tomography, showing that the platinum ripening and carbon black corrosion were the main causes of

the performance loss.

FIB-SEM tomography has also been applied to direct methanol fuel cells (DMFC) to investigate the ageing effects
on the microstructure of the anode catalyst layer (ACL) after complete methanol starvation 21, The sample was

embedded in epoxy resin, polished, and then sputter-coated with a layer of gold. In addition, micrometer resolution
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synchrotron X-ray tomography was performed on the entire membrane electrode assembly (MEA) to obtain a

complete view of the system.

2.2. Batteries

The first paper reporting an application of the FIB-SEM tomography to the Li-ion batteries was published in 2011 by
Ender et al. B2 A simple cathode made of LiFePO, commercial powders, mixed with carbon black and
polyvinylidene fluoride (PVDF), was characterized by electrochemical impedance and the reconstruction of a5 x 5
x 15 pym?® volume from a stack of 200 SEM images (Figure 4). They also extracted volume fractions, volume-
specific surface areas, and tortuosity for the three individual phases. This work was also very important for the
introduction of a silicon resin as an embedding material, which was able to optimize the image contrast for the
pores against the carbon black and LiFePO,. The method was improved the following year by the adoption of an

advanced local threshold method that took into account gradients in the luminosity of the neighboring voxels 2!,

Figure 4. Three-dimensional reconstruction of a composite LiFePO, cathode with three phases, LiFePO, (green),

carbon blac4k (black), and pores (transparent)®2l,

Synchrotron radiation computed tomography (SR-CT) was used to detect the active materials, while FIB
tomography was used to distinguish the polymeric binder from the pores, achieving a voxel size of 5 nm x 6.27 nm
x 10 nm. . A similar multiscale approach has also been used to model a LiCoO, cathode, incorporating micro- and
nanoscale information for an improved calculation of the 3D transport properties 24 or to characterize the
morphology and charge transport limitations of LiNiy;3Mn,3C04,30, (NMC), LiFePO, (LFP), and blended NMC/LFP
electrodes for electric vehicle batteries 53381 An investigation related to the structural changes for long-term
degradation has been addressed in the work of Song, revealing an evolution in the damage of the active material
(571 while Scipioni and co-authors have demonstrated the presence of amorphous carbon surrounding the LiFeO,
in the degraded electrode 8. Similarly, Etiemble and co-authors B2 analyzed the evolution of the 3D
microstructure of a silicon/carbon/carboxymethylcellulose electrode for Li-ion batteries before and after 1, 10, and
100 charging/discharging cycles. The evolution of morphological features, such as volume fraction, spatial
distribution, size, connectivity, and tortuosity proved that the major changes in the electrode are due to a variation
in the size and shape of the Si particles and to the cracking of the electrode, which leads to a solid electrolyte

interphase. A characterization of a commercial 2.5 Ah LiFePO,/graphite 26,550 cylindrical cell, consisting of XRD,
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XPS, and FIB tomography, was carried out by Scipioni et al. They observed the presence of microsized carbon-
based agglomerates, probably due to the electrolyte decomposition 89,

Solar Cells

Despite the great importance and number of articles published annually, there are only two papers to report here
that use FIB-SEM tomography, and they are listed in Table 1.

Table 1. List of papers involving FIB-SEM tomography application in solar cells.

Voxel Resolution or

First Author Dimensions of the Associated Features of the

Material

(Reference) Reconstructed Techniques Rock
Volume
Porous TiO, layers AFM, TEM, Particle size and
WoIIschIéger[ﬂ] infiltrated with ruthenium 2.9 nm x 3.7 nm x transmission shape, porosity,
molecular sensitizer for 30 nm Kikuchi active surface
DSSC diffraction (TKD) area
A: 650 nm thick hematite Solid phase
(a-Fe,03) Sample A: 1 pm x 5 material
Suter62 photoelectrode; B: 7570 pm x 24 um; i distribution,
nm thick lanthanum Sample B: 8 pm x 8 particle/pore size
titanium oxynitride pm x 31 pm distribution,
(LaTiO,N) surface area

R ERces

ARHE e Rk AR B SEVIRGITONY EHRRCHASER RS SSRBTGSh TSR sl st work
Ui a5 SR B S5 TP AT S S RhRYS RIEHAT R 58rarR Eh OB R ch@ AER e

thez&‘(%%g BBthg_r%fpplied this technique to samples of ordinary Portland concrete with different grain sizes, to
perform statistical shape particle analysis and a topological characterization 82, This work also implemented the

s FIREALSmAREMAL AR MR RNa RANEF P ANGHREN BRUEARIBMpYRRNYe AnL¥&E the work
of SUMRESIAN ABAlHE ARYRR RIS AT MALFHAISRETRARMRIOY MalHsihftion 2f 1REHB-sEM

ana%@@:e’with the elemental analysis given by the energy-dispersive X-ray spectroscopy (EDX). In this way it was

msalRie 401 Bstingfish REFORBNR PREFIASENO KM IAS FaaMGablt ITuenBe AP sliptHulieR YUhRESSHDs and
MoadPaméBiiNe e RPN BaiadEEeBtruction. Micron 2015, 78, 54-66.

4. M Ferroni; A Signoroni; A Sanzogni; G Sberveglieri; A Migliori; L Ortolani; M Christian; L Masini; V
Morandi; STEM electron tomography in the Scanning Electron Microscope. null 2015, 644,
012012.

5. Matteo Ferroni; Alberto Signoroni; Andrea Sanzogni; Luca Masini; Andrea Migliori; Luca Ortolani;
Alessandro Pezza; Vittorio Morandi; Biological application of Compressed Sensing Tomography in
the Scanning Electron Microscope. Sci. Rep. 2016, 6, 33354.
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6. Cantoni, M.; Holzer, L.. Review|, ; d@niversity Press: New York, Usa,
2012; pp. pp. 410-435. ‘ &

Science and Business Mediarliz‘1 . | [ethey S, BU03; pp. 21-77.

2
8. Francesco Mura; Flavio Cognigeri adimMarco Rossi; Advances in

D'rﬁqu sional Characterization in Materials Science.
: --_. '.‘

Focused lon Beam Tomography for Thre
Mater. 2023, 16, 5808.

9. Giannuzzi, L.; Prenitzer, B.; Kempshall,1 ! A Plteractions.; Giannuzzi L.A., Stevie FA.,
Eds.; Springer: New York, NY, USA, 200§ P
A

ar L
10. Atlas Zeiss . Atlas Zeiss. Retrieved 2023-202253 ¢ & 1 xbml
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1&<a¥§1?§?84ﬂ,°a§%|“ﬂ%‘§§”9; Clive Chandler; Matthew Weschler. Gas assisted ion beam etching and
deposition; Cambridge University Press (CUP): Cambridge, United Kingdom, 2007; pp. 67-86.
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FIB/SEV: tomography and STEM-EDX elemental maps 68, Kruk wrote some articles on Allvac 718Plus, a Ni-
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ST%EBXE?)'&FWQnﬁﬂ%(ﬂ.%,Sﬂ{I fgq]p_g?@(l)hy to investigate the microstructural features, composition, and

distribution of the different phases. Roland and co-authors developed a model to estimate the mechanical stress—

18ralf 28 dYiRLSIME A GhRA SIS sAigh MrE Vg A0 d RImkIANRRRESS o REUBEUR! Glline A
Si gﬁwegmj(gﬁo%%?@Hﬂfaﬂ&%%?&ﬂgstlw lr?e{%"B%e?%%@leozg&zhgﬂﬂ%esgﬁﬁg%y the Singh group 2!,

IVicrrdnk anadhBiettMPanicseidey. iFyeukesh e B daaharaneBe e SeteotetyApaseativrise \ufegtic phase

mixge olkeMINIMIAieargtérddg 20 09, ppMpe39.Zns), of the as-cast Mg-3Zn and Mg-3Zn-0.3 Ca alloys (4],

Micro-bending beams of the fcc nickel-based superalloy CMSX-4 were first machined by the FIB, then subjected to

18. Chung-Soo Kim; Sunq_—Hoon Ahn; Dong-Young Jang; Review: Developments in micro/nanoscale
the fatiqgué experiment, and finally, after 6100 load cycl€s, its microstructure was reconstructed by FIB-tomography
fabrication b}é focused ion beams. Vac. 2012, 86, 1014-1035. _ o _

81 The u and P phase precipitates of this alloy have also been determined by a combination of different

1@cAnl§oshikawaing SEMiZENEetighdanieekatiien aark FrROKIERET)g PBasHeenis Wid selected area

diffipatyerystalbeercoepessivin PESH NEDXa bretarding -betdspaatysespy. (BhysS) B8 Appl. Phys. 1973, 6,
1369-1380.

The porosity of nano-silver joints for applications in SiC technology has been studied by Rmili et al. 4, while the

20, JosePh I. Goldstein; Dale E. Newbury; Patrick Echlin; David C. Joy; Charles E. Lyman; Eric
effect of thermal etching in an oxygen-rich atmosphere on the catalytic activity of silver has been addressed in the

Lifshin'_l_,ind@Sa er; Josenﬁ)h R. Michael._Scannin%Ele_ctron Mic_roscorﬁ)g( and X-ray _

work of Ollivier 8" Thé growth mechanism of primary CugSns, intermetallics considered prornising as primary
Mlcroanalklss; Klt[g_%erAcademlc/Plenum Publishers: New York, NY, USA,_ZOOB;Spd). 88-97.

crystals in bulk solder Y=, were studied in Sn—Cu alloys and solder joints by combining EBSD, FIB tomography,

and synchrotron radiography [,
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26eddogyh |. Goldstein; Dale E. Newbury; Joseph R. Michael; Nicholas W. M. Ritchie; John Henry J.
Scott; David C. Joy. Backscattered Electrons; Springer Science and Business Media LLC:
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SlnBaotrr&ﬁ,é\é%rlﬁ %ﬁ?r&ﬂg{ﬁglr aIH 59,18017;th&re_l.§58$EM tomography was performed as a technique to study the

porosity of shale rock, this type of analysis has become quite common in this field of research. A precise and
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VOXg- Wf pﬁw mp@q@e%s. In addition, the growing interest in so-called correlative microscopy has led
to the creation of workflows that bridge the gap between the nanometer scale and macroscopic observation,
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[87], Fe-rich olivine [88] dolomites, coals, soils and even samxles of urban dust 8. ] ) .
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