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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 . 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 . 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 .

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 .

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 . 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 .

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

Ion Beam Deposition (IBID) . In addition, to protect the internal porosity of a sample, the specimen can be

infiltrated with a resin , 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 . Intense 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 . 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. .

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 . 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 . 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 . 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 .

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 exposed 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 .

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 . Some algorithms, such as

the StackReg  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 . 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 .

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:

(1)

where y  is the corrected value, y  is the measured y-value, while θ is the tilt angle of the sample-holder . Other

artefacts can be derived from a local charging, due to non-planar surfaces and pore edges producing extremely

bright areas . 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 , while a

Sigma filter is quite effective in eliminating residual high frequency noise .

After the alignment process and the removal of artefacts, the following step is the segmentation, which Terao et al.

 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 .

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 . However, the identification of the porosities during the

segmentation process resulted in being quite critical. The work of Iwai et al.  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. , 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) .

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 . Later, a similar experiment was also proposed by Göbel et al. for evaluating

two different types of GDL materials  (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 μm, while the microporous layer (MPL) in the inlet is the FIB-SEM reconstruction

(pixel size: 5 nm; 500 × 300 × 300 voxels) .

Porous ceramic films of La Sr Co Fe O , used as cathodes in SOFCs, have been extensively studied in

the works of Chen  and Endler-Schuck , while Almar and co-authors have extended their investigations on

the oxygen transport kinetics of Ba Sr Co Fe O  (BSCF) cathodes . In addition, the influence of different

manufacturing methods on the microstructure of the same class of electrodes has been shown by Singh et al. ,

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 . A 1 μm  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 × 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 , 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 . The collapse of the porous cathode microstructure was

characterized in the work of Star et al.  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 . 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. . 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 a 5 × 5

× 15 μm  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 .

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

carbon blac4k (black), and pores (transparent) .

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 × 6.27 nm

× 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  or to characterize the

morphology and charge transport limitations of LiNi Mn Co O  (NMC), LiFePO  (LFP), and blended NMC/LFP

electrodes for electric vehicle batteries . 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

, while Scipioni and co-authors have demonstrated the presence of amorphous carbon surrounding the LiFeO

in the degraded electrode . Similarly, Etiemble and co-authors  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 . 

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.

Ceramics

Although the first definition of FIB-SEM tomography can be traced back to the paper of Inkson , the first work

using the current dual beam configuration, was carried out by Holzer and co-workers in 2004 . Two years later,

the same authors applied this technique to samples of ordinary Portland concrete with different grain sizes, to

perform statistical shape particle analysis and a topological characterization . This work also implemented the

use of reference marks was also implemented as part of an automated drift correction procedure. Instead, the work

of Schaffer et al.  introduced the possibility of combining the morphological reconstruction of the FIB-SEM

analysis with the elemental analysis given by the energy-dispersive X-ray spectroscopy (EDX). In this way it was

possible to distinguish not only the pore network of the sample, but even the spatial distribution of the CaTiO  and

Mg TiO  within the ceramic matrix (Figure 6)
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Figure 5. 3D elemental distribution of calcium (a), magnesium (b) and titanium (c) from the work of Schaffer .

Metal, Steel, and Alloys

The Yan group investigated the impact of grain boundary carbon brittle on the microstructure of a biomedical Ti-

15Mo alloy and how it affected the fatigue properties and the corrosion resistance . The task was accomplished

by identifying these carbon-enriched phases as face-centered cubic Ti C by TEM analysis and by showing a

distribution like the primary α-Ti by FIB-SEM tomography. The distribution and composition of the γ′ and γ″ phases

of the Inconel 718, a corrosion-resistant nickel-based superalloy, have been reconstructed Kulawik’s group using

FIB-SEM tomography and STEM-EDX elemental maps . Kruk wrote some articles on Allvac 718Plus, a Ni-

based superalloy with improved performance compared to the Inconel 718 . He and his group combined

STEM-EDX, electron, and FIB-SEM tomography to investigate the microstructural features, composition, and

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

strain curve for the strontium-modified Al-Si alloy from the real 3D coral-like morphology of the eutectic Si in the Al–

Si alloy , and another similar research study has been conducted on the Al7075 alloy by the Singh group .

Micro-CT and FIB-SEM tomography have been used to characterize the secondary phases of the eutectic phase

mixture, (α-Mg + MgZn) and (α-Mg + Ca  + Mg  + Zn ), of the as-cast Mg-3Zn and Mg-3Zn-0.3 Ca alloys .

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

the fatigue experiment, and finally, after 6100 load cycles, its microstructure was reconstructed by FIB-tomography

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

techniques including SEM, TEM, high-angle annular dark field (HAADF), FIB tomography, and selected area

diffraction with beam precession (PED), EDX, and energy loss spectroscopy (EELS) .
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Geology

Since the work of Sondergeld in 2010 , where FIB-SEM 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

detailed knowledge of the real porosity of a shale rock becomes important data with which to extract information

about the mechanisms that regulate the enrichment or accumulation of the gas inside the rock. Often supported by

other investigation methodologies, directly (BET or mercury porosimetry) or indirectly (TEM tomography or X-ray

micro-CT), the 3D FIB reconstruction has become increasingly important over the last five years, even reaching a

voxel size of a few cubic nanometers. 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,

integrating different analysis techniques in a single result. An example can be found in the work of Ma , where a

multiscale approach, integrating different methodologies, has been proposed (Figure 6).

Figure 6. Example of the multi-scale workflow for the porosity reconstruction of a shale gas rock as proposed by

Ma et al. .
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