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Highlights




This work demonstrates that specimen preparation, including the orientation of the volume
of interest, is critical for the quality of the final reconstructed 3D model.
Three unique configurations incrementally optimized for higher total throughput are
thoroughly explored.
The work demonstrates how samples with different rigidity react to long-term ion-beam
interaction, as both amorphous (resin) and crystalline (Si) material is present in the tested
specimen.
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Abstract
The xenon plasma focused ion beam and scanning electron microscopy (PFIB-SEM) system is a
promising tool for 3D tomography of nano-scale materials, including nanotextured black silicon (BSi),
whose topography is difficult to measure with conventional microscopy techniques. Advantages of
PFIB-SEM include high material removal rates, precise control of milling parameters and automated
slice-and-view procedures. However, there is no universal sample preparation procedure nor is
there an established ideal workflow for the PFIB-SEM slice-and-view process. This work
demonstrates that specimen preparation, including the orientation of the volume of interest, is
critical for the quality of the final reconstructed 3D model. It thoroughly explores three unique
configurations incrementally optimized for higher total throughput. All three sampling
configurations are applied to a resin-embedded BSi sample to determine the most favourable
workflow and highlight each approach's advantages and disadvantages. The reconstructed 3D
models of the BSi surface obtained are shown to be qualitatively closer to the topography measured
directly by SEM. The height distribution data extracted from the rendered 3D models reveal a higher
structure depth compared to that obtained from an atomic force microscopy measurement.
Furthermore, the work demonstrates how samples with different rigidity react to long-term ionbeam interaction, as both amorphous (resin) and crystalline (Si) material is present in the tested
specimen. This study improves the understanding of sample-beam interaction and broadens the
utility of the 3D PFIB-SEM for more complicated sample structures.

1. Introduction
Focused ion beam (FIB) is a technique in which a beam of ions is focused with nanometre precision
on the surface of a sample resulting in a combination of the following processes: (1) nano-scale
sputtering, (2) emission of surface electrons, and (3) inducement of chemical reactions. These
effects are used for microscopic imaging, structural analysis, precise micromachining, and controlled
site-specific material deposition with gaseous precursors. To fully utilise the FIB instrument, it is
typically coupled with an SEM column (as a FIB-SEM dual beam system) and used in various
disciplines, including materials science, semiconductor device analysis, and biology. Some of the
major applications of the FIB-SEM dual beam system include TEM specimen preparation[1,2], tip
samples preparation for stom probe tomography[3,4], gas-assisted direct lithography[5–9], in situ
failure analysis[10–13] and 3D analysis[14–18]. The working chamber of FIB-SEM dual beam systems is
typically equipped with X-ray spectrometry, electron back-scattered diffraction (EBSD), and an in situ
nano-manipulator, while some advanced systems even add electron-beam induced current (EBIC)
and a cryo-stage[19]. With recent development of the technology, a prototype high-vacuum (HV)
compatible time-of-flight secondary ion mass spectrometry (TOF-SIMS) has been integrated to the
FIB-SEM dual beam system, which further enables 3D chemical characterization with enhanced
lateral resolution[20–22].
For 3D analysis using the so-called slice-and-view process, the FIB column is used for repeated layer
by layer removal of material via ion ablation (slice), while the SEM column is used for collecting highresolution 2D images of the cross-section in sequence (view).
The choice of ion source for the milling process is a critical factor in the final result of the slice-andview application. There are a number of different ion sources which is commercially available to the
current state-of-art FIB-SEM system, including but not limited to: Ga+ liquid metal ion source (LMIS),
O2+, Ar+ and Xe+ inductively coupled plasma (ICP) ion sources [23–25]. The conventional Ga+ FIB-SEM
dual beam system is one of the most commonly used tool for 3D material analysis, with volumetric
probing capability ranging from a few μm3 to >10 μm3 [17]. The Ga+ FIB, however, has a limited
material removal rate and milling depth due to the significant spherical aberration when using high
beam current and beam-induced sample amorphization[26]. Over the last decade, the magnetically
enhanced inductively-coupled xenon plasma ion sourced FIB-SEM system (PFIB-SEM) has provided
an alternative approach due to its drastically improved material removal rate and enhanced beamsample interaction[26]. The collimated nature of the Xe+ ion beam profile provides a high-quality, low
damage milling surface. As such, after optimization, Xe+ PFIB has demonstrated to be superior in
multiple FIB-related applications than the conventional Ga+ FIB. For example, Xe+ PFIB has been
shown to have less surface amorphization and fewer surface nanoparticle artefacts[27]. With the
assistance of a single-crystal sacrificial mask (SCSM), Xe+ PFIB can offer a high-quality milling finish
with a significantly shorter throughput time for device failure analysis compared with the Ga+ FIB[12].
For 3D analysis, it was shown that Xe+ PFIB can provide 20 – 60 times faster milling rate than a Ga+
FIB with comparable or less damage[26]. In our previous work, we demonstrated how PFIB-SEM can
be used to measure the large area surface morphology of a nano-textured silicon sample with
resolutions down to 10 nm or even better[28]. The development of both hardware and software in
the current state-of-art commercially available PFIB-SEM system ensures collecting information of
volumes that are hundreds of microns in dimension[26]. In terms of hardware, the utility of a 5-axis
piezo-driven eucentric sample stage enables ultra-precise sample position control. Advances in

software[29] allow for a fully automated slice-and-view process. The automated slide-and-view
process typically employs a rocking milling technique during which the stage holding the specimen
alternates ± 5° to the ion incident angle, thereby minimising the potential curtaining artifact that
may arise during the ion beam ablation due to sample imperfections (e.g. voids, surface
texturing)[26]. By further employing the gas assisted etching (GAE) during the FIB material sputtering,
it is potential to improve the total throughput of the slice-and-view tasks further[30–36].
A general challenge for both qualitative and quantitative PFIB 3D slice-and-view is sample
preparation. In particular, it is important to consider how the specimen and the volume of interest
will interact with the incident beam. Although the introduction of Xe+ plasma FIB significantly
improves the material removal rate, the relatively newly developed PFIB beam profile has not been
thoroughly investigated, with limited comparison studies found in the literature[12,24,32]. The samples
of interest can range from semiconductor devices to soft biological samples, and these differences
should be taken into account when optimising the experimental procedure. The sample-ion
interaction is strongly dependent on the sample’s rigidity, porosity, and grain orientation. Each
sample category requires optimisation in the sample preparation scheme as well as the
experimental setting during PFIB-SEM. A typical sample preparation procedure involves multiple
steps [1,14,37]: (1) the top surface of the volume of interest (VOI) is coated with a protective Pt layer
grown by an in situ gas injection system (GIS); (2) the material in front of the VOI is sputtered off by
ion ablation, and a front trench is created to control re-deposition during milling; and (3) tracking
fiducials are created both on the top and near the front surface of the VOI so that both ion beam
and electron beam can track the focus by recognising the fiducials during the fully automated sliceand-view process. There are many additional steps proposed for PFIB related milling tasks to
mitigate beam related artifacts. Subramaniam et al. proposed placing a SCSM on top of the VOI to
tailor the beam during milling, thereby minimising material preferential mill artifacts and achieving a
high-quality milling finish equivalent to conventional Ga-FIB [12]. Compared to the normal Pt cap GIS
deposition process, the SCSM method enables a longer duration slice-and-view process of a large
volume due to the slow deterioration of the fiducial mark on the thick SCSM. It also enables fast
milling of thin slices, such as 10 nm thickness, with a high beam current, such as 60 nA, depending
upon beam shift and stage control. For non-bulk samples, a widely adopted sample pre-treatment
for 3D slice-and-view is embedding the sample within an epoxy resin. This is commonly used for
porous material for pore infiltration [38] and in biology for immobilising cellular samples[39].
There is no consensus in the literature about the optimal work procedure for PFIB-SEM tomography
for 3D sample reconstruction. Our work explores three potential workflows that can be applied for
3D microstructure analysis to determine the advantages/disadvantages of each approach. We also
provide recommendations on when each workflow should be used. All workflows are applied to a
nano-textured, black silicon (BSi) sample fabricated using reactive ion etching (RIE)[40]. RIE-BSi is an
inorganic crystalline silicon sample, the surface of which was specially modified with needle-like
micro-/nano-structures. The surface structure effectively suppresses optical reflection and makes
the front surface of the wafer appear black[41]. The complex nature of the BSi surface structure
makes it an ideal candidate for slice-and-view workflow optimisation as the highly roughened
sample surface challenges the slice-and-view process. More specifically, the reasons for choosing an
RIE-BSi sample for our 3D tomography case study are: (1), The textured surface does not only deflect
the incident ion beam which leads to a varied spatial sputter rate, but also results in poor texture
feature coverage for a conventional in situ deposited Pt protective layer [28]. As such, BSi requires a

special surface treatment in the preparation stage before conducting the slice-and-view. In this
work, we carefully prepare the BSi specimen by a specimen embedding technique we previously
presented which employs resin dedicated for samples with complex surfaces before the slice-andview[28]. The selected slow cure resin fills in the irregular gaps and flattens the rough surface of the
BSi sample, thus minimising differential milling effects. The resin mounting also masks off the
undesired background and enables the collection of pseudo-2D cross-sectional images to facilitate
the subsequent 3D reconstruction. If the embedment of BSi proves to be able to mitigate the
unwanted PFIB milling artifacts, then the modified sample preparation proposed here should also
work for less challenging sample structures. (2), The needle-like surface structure of RIE-BSi helps to
visualise the sample-beam interaction, especially how the sample deforms in correspondence with
different beam incidence angles. (3), As an inorganic single-crystalline silicon sample, BSi does not
have the extra signal contrast that multi-phase material would have, thus simplifying the post-image
processing and reducing the computational requirement for the 3D reconstruction. In this work, we
test various methodologies to provide an optimised workflow for 3D texture reconstruction and
characterisation.
It should be noted that the operation of the PFIB-SEM dual beam system is generally expensive. Not
only because it is usually located in a centralised shared facility centre due to its high capital cost,
but as a powerful and versatile tool, it typically has a high demand for various applications such as
micromachining, failure analysis and 3D analysis by automated slice-and-view. As such, the
throughput of any given slice-and-view approach is an important factor to consider. In this work, we
test three unique sample configurations with different pre-slice-and-view sample treatments,
starting from the conventional sampling configuration, followed by two other sampling placement
tests, incrementally optimized for higher throughput. In each method, the sample was placed at a
different angle with respect to the incident ion beam. As a result, we identify optimal workflows for
studying the 3D microstructure of BSi. Furthermore, we report how samples with different rigidity
(both amorphous (resin) and crystalline material (Si) present in our specimen) react to long-term ion
beam interaction. This study improves our understanding of sample-beam interaction and broadens
the utility of the 3D PFIB-SEM towards more complicated sample structures.

2. Experimental Methods
The sample used for this comparative tomography case study was research-grade black silicon (BSi).
The BSi wafer texturing was achieved by using a SPTS RIE system with maskless reactive ion etching
at room temperature in a O2 and SF6 plasma with a gas flow ratio of O2 : SF6 = 1:1, chamber pressure
of 24mTorr, 13.56 MHz radio-frequency platen power of 100W, with an etching duration of 16
min[40].
An SEM image of the BSi sample is shown in Fig. (1). To fabricate the sample, a 500 μm thick polished
silicon wafer underwent reactive ion etching, resulting in surface texturing with a high aspect ratio
needle-like structure. Three small RIE-BSi specimens with dimensions of 0.5 cm by 0.5 cm were laser
cut from a 4 cm by 4 cm RIE-BSi silicon sample. Prior to the slice-and-view, the BSi sample was
prepared using the specimen embedding technique we previously described[28]. This process
embedded the sample in a Durcupan resin and employed a multi-step sequence involving
incremental solvent concentration reduction in conjunction with sonication, rotation and vacuum
treatment prior to oven polymerisation to ensure that the resin fully infiltrated the complex BSi
[42]
surface
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any
residual
voids
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.

Figure (1). A representative 45°tilted SEM image of the RIE-BSi sample measured prior to the embedment process.
After specimen embedment, each BSi specimen was glued onto the microscope stage separately.
Three different sampling configurations were tested, starting from the conventional sampling
configuration (see Section 2.1.1 below), followed by two other sampling placement tests,
incrementally optimized for higher throughput (see Section 2.1.2 and 2.1.3). All the in situ sample
preparation steps were processed by the ThermoFisher Helios G4 PFIB UXe PFIB-SEM DualBeam
system. The surface statistics of the BSi sample was determined from both PFIB slice-and-view
rendered 3D models and an atomic force microscopy (AFM) measurement. The AFM scan was
measured with a Bruker ICON in tapping mode, scanned with a Bruker TESPD AFM probe and a scan
area of 10 μm by 10 μm with 512 line-scans.

2.1 Different sampling configurations
2.1.1 Top-down slice-and-view configuration
The BSi tomography was first studied with a conventional top-down slice-and-view configuration. In
the top-down configuration, the BSi specimen was placed upright, with its resin-embedded textured
surface on top and bulk silicon glued to the stage, as shown in Fig.2 (a). The BSi sample was then
prepared using an optimised FIB-SEM tomography routine: (1) A ~60 nm layer of platinum was
sputtered on the specimen before entering the FIB-SEM vacuum chamber to enhance the resin
coated specimen’s conductivity; (2) Once admitted into the FIB-SEM system, the volume of interest
(VOI) to be studied was deliberately chosen at the edge of the whole specimen, which helps to
reduce time typically spent on creating the front/side trenches; (3) as shown in Fig.2 (b), the top
surface of the VOI was defined by a single crystal sacrificial mask (SCSM), which was cut out from a
30 μm thick single crystal silicon sheet by ion beam milling, transported by the in situ nanomanipulator and then welded by the in situ Pt ligament created by ion beam induced deposition
(IBID); (4) once the VOI was defined, the front surface of the assembled specimen configuration,
which included the cross-sectional feature, was coarsely flattened by PFIB fast bulk cutting at 30 kV,
1.3 μA and further polished down by gentler milling at 30 kV, 15 nA; (5) lastly, two “X” shaped
fiducials were created by I-beam milling both on top of the SCSM and on the PFIB fast bulk cutting
surface [see orange markings in Fig.2(c)]. The SEM of the whole sample configuration is shown in
Fig.2 (c), with an inset image (white dashed lines) showing one typical SEM of the cross-section
containing the 2D height profile of the sample captured during the automated slice-and-view

Figure (2). (a) Sample configuration of the top-down slice-and-view, (b) In situ SEM of a single crystal sacrificial mask (SCSM)
cut out from a 30 μm thick single crystal silicon and (c) an annotated overview SEM image of the whole sample set up with an
inset showing one typical SEM containing the 2D height profile of the sample captured during the automated slice-and-view.
2.1.2 Bottom-up slice-and-view configuration
A second optimized slice-and-view configuration was tested with the specimen placed upside down
relative to the incoming PFIB (bottom-up slice-and-view) to enhance the total throughput by
reducing the thickness of the sample to be studied. In this configuration, the bulk of the BSi
specimen (single crystal silicon) plays the role of the sacrificial mask for beam tailoring. The approach
can reduce the in-chamber operational time by eliminating the in situ SCSM handling procedure
(transporting and welding the SCSM). The layout of the bottom-up slice-and-view configuration is
shown in Fig. 3 (a). The BSi sample embedded with resin, with a total thickness of more than 700
μm, was thinned down manually using sandpaper, starting from 200 grit for rough sanding up to
2000 grit fine polishing (ISO/FEPA Grit designation). The manual sanding was stopped when the
interface of BSi and resin first appeared at the wedge-shaped edge of the sample. The thinned
specimen was then glued upside down by conductive silver paste to the microscopic stage, followed
by a sputtered ~60 nm platinum layer deposition to enhance the specimen’s conductivity. The
upside-down BSi sample was processed using the following routine: (1) the front surface of the
sample was processed by PFIB fast bulk cutting at 30 kV, 1.3 μA, followed by gentler milling at 30 kV,
15 nA, to expose a ~100 μm window with clear cross-sectional features; (2) the VOI to be studied
was then determined according to the front window exposure; (3) two trenches were created on
both sides of the VOI by PFIB fast bulk cutting to avoid ash re-deposition during the slice-and-view
process. After creating the side trenches, the VOI was like a cantilever beam; (4) two “X” shaped
fiducials were created by I-beam milling both on top of the sample bulk and beside the VOI
cantilever. The SEM of the bottom-up cantilever is shown in Fig. 3 (b), with the inset showing an
example SEM image of the 2D height profile captured during slice-and-view.

Figure (3). (a) Sample configuration of the bottom-up slice-and-view, and (b) a plan view SEM of the bottom-up structure, with
an inset showing one typical SEM that contains the 2D height profile of the sample captured during the automated slice-and-

view.
2.1.3 Lateral slice-and-view configuration
In both the top-down and bottom-up slice-and-view experiments, the PFIB encountered the
specimen vertically to expose height information for one “line-scan”, building up surface data in a
similar way to the atomic force microscopy (AFM). However, each slice contains a relatively small
fraction of information about the texture itself. For 3D slice-and-view tasks, which deal with
relatively large width and depth but small height profiles, it would be possible to increase the
throughput of the slice-and-view task furtherif more interface information could be recognized in
each 2D slice. Therefore, a lateral slice-and-view configuration was proposed. In this case, the PFIB
was parallel to the specimen plane and encountered the surface laterally. The resin embedded BSi
specimen was glued to the 90° microscopic mounting stage by conductive silver paste and was
coated by a sputtered 60 nm platinum layer. After introduction into the vacuum chamber, the VOI,
shown schematically in Fig. 4 (a), was prepared by the following routine: (1) the specimen was tilted
90° in the chamber to enable PFIB fast bulk cutting to expose the location of the sample-resin
intersection quickly; (2) the VOI was defined and polished by PFIB gentler milling; (3) three trenches
were created by the PFIB fast bulk cutting to avoid ash re-deposition, in which the depth and width
of the front trench define the size of VOI for slice-and-view; (4) an SCSM was placed on top of the
structure and welded by a Pt ligament; (5) finally, an “X” shaped I-beam fiducial was created on the
SCSM by the I-beam milling function. The SEM of the lateral slice-and-view configuration is shown in
Fig. 4 (b). The inset shows a typical SEM image containing an example BSi 2D lateral profile captured
during
slice-and-view

Figure (4). (a) Sample configuration of the lateral slice-and-view, and (b) an overview SEM image of the whole sample set up
with an inset showing one typical SEM. Each dot in the inset SEM represents the cross-section of a needle-like feature.

2.2 Slice-and-view procedure
The three fully configured specimens of procedures 1.1-1.3 then underwent the automated PFIB
material removal (slice) and alternating SEM capturing (view), enabled by the Helios G4 PFIB-SEM
system and the Thermo Scientific™ Auto Slice and View™ 4 software[43]. The PFIB material removal

used an accelerating voltage of 30 kV and an ion beam current of 15 nA. Each slice was removed
with a stabilized slice thickness of 10 nm. The SEM images were captured with an accelerating
voltage of 3 kV, an electron beam current of 80 pA and a working distance of 4.0 mm.

2.3 Model reconstruction for 3D rendering
Stacks of 2D cross-sectional SEM images were collected and saved during the slide-and-view
automation. The SEM stacks were then processed by the open-source image processing package FIJI
[44]
. SEM image noise and other background intensity variations were reduced by applying a series of
filters. Stack segmentation was then used to distinguish between specimen and resin regions,
followed by stack registration to align images and facilitate 3D model reconstruction. A detailed
description of the SEM stack processing and 3D reconstruction was published previously by our
group[28].

3. Results and discussion
3.1 Critical measurement parameters
All the previously described slice-and-view configurations (Section 1.1- Section 1.3) enabled the
collection of data with varying resolution and speed. Some critical experimental parameters are
listed in Table 1, including key metrics such as total automation duration, total information
collection rate and information collection rate for each slice-and-view configuration.
Table 1: Critical experimental parameters for the three slice-and-view sample configurations.
Total
Total
Effective
Total 3D
Effective 3D
Total
Total
voxels
volumetric
Effective
volumetric
Sample
information
information
number automation obtained information
voxels
information
configuration
collection rate
collection rate
of slices durations per SEM contained per
per slice contained per
(μm3/min)
(μm3/min)
slices
slice (μm3)
slice (μm3)
Top-down

1,556

28 hrs and
3 mins

25.9 μm
×17.3 μm
×10 nm

4.48

2.66×10-3

25.9 μm
×1.7 μm ×
10 nm

0.44

0.41

Bottom-up

995

27 hrs and
47 mins

31.9 μm
×21.3 μm
×10 nm

6.79

4.08×10-3

31.9 μm
×1.60 μm
×10 nm

0.51

0.31

Lateral

300

6 hrs and
16 mins

59.2 μm
×39.5 μm
×10 nm

23.38

6.22×10-2

26.8 μm
×18.8 μm
×10 nm

9.77

7.80

Despite the information collection rate variation, the three different set-ups were found to each
have a unique impact on the final model. The results generated from each slice-and-view
configuration are depicted in Fig. 5 (a) for the top-down slice-and-view, in (b) for the bottom-up
slice-and-view
and
pseudo-3D
results
in (c)
for the
lateral
slice-and-view.

Figure (5). Reconstructed 3D microstructure model of (a) top-down configuration, (b) bottom-up configuration and (c)
the orthogonal XY plane, XZ plane and YZ plane of lateral slice-and-view configuration.

3.1.1 Top-down configuration
The top-down slice-and-view was the most operationally intensive. The preparation scheme, which
involved the SCSM beam tailoring techniques, required in situ operations of the PFIB-SEM system.
During the slice-and-view, the PFIB has to provide a polished surface in the region of the sampleresin interfaces, which was captured with SEM. Therefore, the Xe+ ion beam was required to cut
through first a 30 μm SCSM, followed by a 50 μm resin and a certain depth through the BSi bulk to
ensure a clean 2D SEM image. Consequently, the PFIB was required to cut through a 90 μm depth of
material for each slice-and-view cycle to get a clean-finish, which significantly prolonged the total
duration of the automation.
Despite the lowest information collection rate stated in Table 1 and the most expensive operation
cost, the top-down slice-and-view provides a 3D model result of the highest quality among all three
configurations, as determined by visual comparison of the model to the SEM image of the un-treated
BSi specimen. As shown in Fig. 5 (a), the model recreated shows a neutral orientation. The BSi
specimen features were precisely captured and recreated for later quantitative analysis. A more
detailed direct comparison of the sample’s SEM image and the reconstructed model can be found in
our previous work[28].
3.1.2 Bottom-up configuration
Compared to the top-down configuration, the bottom-up configuration required less in situ
operation in terms of preparation and automation schemes. On the one hand, the specimen bulk
itself efficiently acts as the SCSM, which removed the requirement for in situ SCSM cut out and
transportation[45]; on the other hand, the thinned bulk (acting-SCSM) was placed facing upwards to
interact with the incoming PFIB. It could be captured together with the nearby sample-resin
interfaces in the SEM as effective pixels. Therefore, PFIB was only required to cut through a 40 μm
thick structure from BSi bulk to the resin. Both factors contributed to the fact that the total 3D
information collection rate doubled compared to the top-down configuration. With further
optimisation of the experimental set-up for the automated slice-and-view, there is potential to
further increase the effective information collection rate and reduce the characterisation cost.
However, the reconstructed 3D model from the bottom-up configuration did not sit neutrally to the
canvas plane. As shown in Fig. 5 (b), the model appeared similar to the top-down model only after a
2 ° rotation. This could have resulted from a combination of factors: (1) the PFIB-milled crosssections were not perfectly parallel to the PFIB. The inclination between the ion beam orientation
and the PFIB-milled cross-section surface is known as tapered angle[2]; (2) the manual thinning
treatment caused a slight inclination to the rear bulk surface, which later acted as an inclined SCSM.
The height distribution data and extracted surface statistics are therefore sensitive to the
measurement conditions. Such a slight inclination of the final model may introduce unwanted data
bias and, in our case, this could not be adequately corrected in the post-processing.
3.1.3 Lateral configuration
Compared to both top-down and bottom-up configurations, the lateral configuration required only
one-third of the total automated measurement time. As stated in Table 1, both the total and the
effective 3D information collection rate were approximately 20 times greater than the other two
configurations.

However, the data collected from the lateral configuration was significantly biased, with a variety of
issues arising during the slice-and-view automation. The PFIB started the automated material
removal from the BSi bulk side, which intended to take advantage of the silicon wafer conductivity
(which is better than that of the resin). With slice-and-view ingression, there was an increased
amount of resin content in the 2D image leading to the inferiorresults. The higher resin content was
more prone to trapping the charge, thus the SEM images from the latter part of the stack were
deteriorated due to charge build-up. In addition, the amorphous material resin suffered from microdistortion when repeatedly subjected to ion bombardment and when the crystalline Si material no
longer cross-linked with the neighbouring resin, the micro-distortion built up and resulted in
shearing deformation in the model. Fig. 5 (c) depicts the lateral orthogonal view from the lateral
configuration, consisting of the XY, XZ and YZ plane view of the SEM dataset. In the orthogonal view,
Si appeared as light grey, and the resin appeared as dark grey. The shearing deformations indicated
in the YZ and XZ view were sourced from the resin micro-distortion during slice-and-view ingression.
As such severe shearing deformation was observed from the SEM image stack, the 3D model
reconstruction of the lateral configuration would lead to serious error in the extracted surface
statistics. In addition, the extraction of the Si-resin interface coordinates from the raw SEM would
require a more complex interface detection algorithm than what has been used in the top-down and
bottom-up configuration. The interface detection would involve correcting the unbalanced
background illumination in each SEM and require manual segmentation threshold determination for
all SEM in the stack. Such a task is beyond the scope of this work as it is readily apparent that the
final model would be erroneous from the current data. Therefore, we believe it is not viable to
report the final 3D model for the lateral configuration.

3.2 Microstructure comparison
In order to assess the accuracy of the PFIB-SEM tomography approach, the PFIB 3D rendering was
compared with an AFM scan and SEM image taken from the same BSi sample. Specimens for each
technique were prepared from neighbouring locations on the sample in order to minimize any effect
of spatial texture variation. A top-down view of the BSi surface reproduced from the PFIB and AFM
scans is shown in Fig. 6 (a) along with an SEM image. The SEM image reveals two key surface
features, a set of larger and deeper holes and a coverage of nanosized surface pitting. Qualitatively,
the PFIB 3D rendering of the BSi more closely resembles the SEM image than the AFM rendering.
Although the surface pitting was too small to be detected with the slice-and-view, the model
reconstructed from the PFIB measurement was able to reproduce the larger hollow features. In
contrast, the surface topography reproduced from the AFM scan fails to capture both the deeper
hollow features and the surface pitting. We attribute the high level resemblance achieved between
sample’s SEM and PFIB 3D rendering to the origin of the data. PFIB 3D rendering is reconstructed
directly from a stack of SEM images of the sample’s cross-sections. For both Top-down and Bottomup configuration, the ROI of each SEM images were still supported by the rigid Si. Therefore, we
believe there’s negligible sample distortion occurred during the ion beam-sample interaction, and
each SEM captured the real morphology of the sample. As a comparison, there are too many
uncertainties during the AFM characterization, such as AFM probe – sample compatibility (in terms
of probe shape), AFM settings, AFM probe – sample interaction induced artefacts, etc. All those
factors bring uncertainties to the AFM collected data, resulting in the final AFM 3D model looking
“deformed”.
The extreme height variations of the surface were incompatible with the AFM tip and settings used.
The height statistics extracted from each reconstructed surface model [shown in Fig. 6(b)] provide
further insight into the comparison between PFIB and AFM. The figure shows the height distribution
data of the top-down, bottom-up and AFM 3D model. The X-axis represents the height values of
each surface datapoint, and the Y-axis represents the counts of the surface points that share the
same height value. Both height distribution curves extracted from the two slice-and-view methods
show similar trends with slight offsets. They appear to consist of two local peak regions from 0.00
μm to 0.66 μm and 1.32 μm to 2.00 μm representing the bottom and top plateau regions of the
structure. Note that the offsets between the height distributions for the two PFIB configurations
may also be affected by minor texture variation between the two specimens. In contrast, the AFM
height distribution is significantly different, with fewer counts recorded in both the bottom (from 0
μm to 0.66 μm) and top (from 1.75 μm to 2.00 μm) plateau regions while more counts are
recorded in the transitional region (from 0.66 μm to 1.75 μm). The comparison between the two
FIB-SEM height distribution profiles and the AFM extracted height distribution indicates that the
AFM scan may be underestimating the overall height of the structure and fails to probe the bottom
plateau regions.
Further insight into the shape of the extracted height distributions is provided in Fig. 6 (c), in which
the PFIB 3D rendering for the top-down configuration is colour-coded for three different regions.
The green and purple regions represent the bottom and top plateaus of the structure, respectively,
while the red region represents the transitioning sidewalls. The background colour bands in the
height distribution graph of Fig. 6 (b) match the colour-coding highlighted in Fig. 6 (c) and represent
the corresponding data points.

Figure (6). (a) a direct comparison of the BSi specimen’s plan views for SEM(left), PFIB 3D rendering for the top-down
configuration (middle) and AFM scan 3D rendering(right), (b) the height distributions extracted from the top-down
and bottom-up configurations, as well as the AFM scan, and (c) the plan view of the PFIB 3D rendering model for the
top-down configuration with colour masks. The colour bands in the background of Fig. 6 (b) represents the
corresponding data points in the same colour highlighted in Fig. 6 (c), where the two local peak regions from 0 μm to
0.66 μm and 1.32 μm to 2.0 μm represents the bottom and top plateaus of the structure, and the red region
represents the transitioning sidewalls from 0.66 μm to 1.32 μm.
In summary, the top-down slice-and-view requires the most intensive in situ sample preparation and
provides the highest quality 3D model render. The bottom-up configuration provides an alternative
to the conventional top-down slice-and-view method. It potentially doubles the total throughput of
the tomography characterisation. However, the bottom-up approach is only applicable when one
side of the sample is a single-crystal material. It may not be suitable for samples that are highly
sensitive to the PFIB orientation. The lateral configuration was problematic for our RIE-BSi sample.
The slice-and-view progresses from the silicon side to the resin side. Consequently, the resin microdistortion will build up and results in shearing-like deformation to the final 3D model. Nevertheless,
for samples with the planar feature or cryo-fixation capability, lateral slice-and-view could drastically
improve the total throughput to ×20 times and significantly reduce the correlated tool operational

cost. Table 2 gives a summary comparison between top-down, bottom-up and lateral configurations
for the slice-and-view task.
Table 2 Comparative analysis for the slice-and-view task with top-down, bottom-up and lateral sample configuration.

Sample
configuration

Top-down

Bottom-up

Lateral

Key Features

Ion beam coming
from the top of
the high aspect
ratio feature

Ion beam
encountering the
sample at the
bulk from the
back

The sample is
tilted 90° to the
ion beam,
exposing the
cross-sections of
the features.

Advantages

The method is
universally
applicable to the
most task that
requires slice-andview;
The site-specific
tomographical
study, controlled
artifact, controlled
sample distortion.
Reduce ion beam
artifact on the
sample side;
Improved
throughput by
simplified surface
pre-treatment.

Drastically
improved
throughput as
cross-sectional
cutting would
enhance the signal
density per image;
Reduced data size.

Drawbacks

Low throughput with
extra-long preparation
prior to the slide-andview activity.

Examples of
potential 3D sliceand-view
applications

Crystalised sample
with extra rough
surface structures,
i.e. BSi;
Dual-phase alloy
sample;
Nano-fibre system.

Resin on the bottom of
the slice-and-view
structure may hinder
the movement of
charged elements,
giving rise to the image
charging up with ion
milling ingression.
Cured resin distorted
after the ingression of
ion beam ablation
ended up with a
distorted model;
Incorporating with
cryo-fixation may help
mitigate the distortion
of the amorphous soft
sample.

Sample with one of
its surfaces made
up of single-crystal
material, such as
semiconductor
devices.

Fuel cell cathode
catalyst layer;
Natural rock sample
with fine porous
structure;

4. Conclusion
The Xe+ PFIB’s high current milling capabilities make it an ideal substitute for the conventional Ga+
FIB for automated slice-and-view tasks. As it is typically located in a centralized shared facility, PFIBSEM systems tend to be highly occupied with samples from various disciplines, ranging from
materials science and semiconductor device analysis to biology. However, the relatively newdeveloped PFIB beam profile has not been thoroughly studied. And there is no universal sample
preparation procedure and ideal workflow for the PFIB-SEM as a means for 3D surface
reconstruction for nanotextures.
In this paper, we thoroughly investigated and optimized the workflow for the slice-and-view task of
an RIE-BSi sample, whose surface texture has a high aspect ratio, needle-like features. We compared
three versions of the slice-and-view methodology for the RIE-BSi sample, starting from the
conventional sampling configuration, followed by two other modified sampling placement tests,
incrementally optimized for higher total throughput. The first method was the conventional topdown configuration with a beam coming from the top surface of the BSi specimen. The second
process was the bottom-up configuration, where the BSi’s bulk material was thinned down and
acted usefully as an SCSM with the ion beam coming from the bottom of the BSi specimen. The third
process was the lateral configuration, in which the BSi texturing plane was parallel to the incoming
ion beam. The top-down slice-and-view required the most intensive in situ sample preparation while
providing the highest quality 3D model render. The bottom-up slice-and-view provided a comparable
3D model results to the top-down configuration while reducing the in situ operational costs by
doubling the total 3D information collection rate from 2.66×10-3 μm3/min to 4.08×10-3 μm3/min.
The height distributions reported for both the top-down and bottom-up configuration were
consistent with the surface morphology directly observed in SEM and more accurate than the height
distribution extracted from the AFM surface render. The lateral configuration saved most in terms of
tool operation time and improved the total 3D information collection rate by around 20 times
(6.22×10-2 μm3/min). However, this approach suffered severe distortion as the ion beam cut
parallel to the BSi texturing plane, resulting in the collected SEM stack being unsuitable for 3D
rendering. Further development of the technology, such as coupling the PFIB-SEM with a cryofixation stage, may resolve this issue.
In conclusion, a proper arrangement of the sample configuration and its placement towards the
incident beam orientation are two critical parameters for the slice-and-view tomography tasks
achieved by the PFIB-SEM system. With careful optimisation, preparation procedures before the
slice-and-view can be reduced and the in situ PFIB-SEM tool occupational usage can also be
drastically decreased by increasing the information density per SEM. Using the optimisation
approaches defined here will allow for an efficient and successful slice-and-view for complex
nanostructures that may not be characterizable using traditional nanotexture surface mapping
techniques such as AFM, for example, those with very high-aspect ratios or overhanging features.
When trying different sample configurations and placements, however, the physical properties of
the sample should be assessed prior to the slice-and-view workflow. Samples with high rigidity, such
as crystalline samples, minerals, fossils, and bones, are less prone to potential micro-deformation
during the slice-and-view process with repetitive material removal. In contrast, soft samples such as
biological cell samples, fibres, and the embedding resin are susceptible to deformation during slice-

and-view. The 3D tomography for a soft sample is best to be incorporated with a cryogenic stage.
Through the use of an ultra-cold environment, the sample could be kept in its original form. Our
study based on a resin embedded RIE-BSi sample provides insights into sample behaviour for the
PFIB-SEM 3D material characterisation when crystalline sample areas (Si) and amorphous sample
areas (embedding resin) co-exist, helping with the slice-and-view workflow optimisation.
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