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A B S T R A C T

This paper demonstrates an improved method to accurately extract the surface morphology of black silicon (BSi). The method is based on an automated Xe+ plasma
focused ion beam (PFIB) and scanning electron microscope (SEM) tomography technique. A comprehensive new sample preparation method is described and shown
to minimize the PFIB artifacts induced by both the top surface sample-PFIB interaction and the non-uniform material density. An optimized post-image processing
procedure is also described that ensures the accuracy of the reconstructed 3D surface model. The application of these new methods is demonstrated by applying them
to extract the surface topography of BSi formed by reactive ion etching (RIE) consisting of 2 µm tall needles. An area of 320 µm2 is investigated with a controlled slice
thickness of 10 nm. The reconstructed 3D model allows the extraction of critical roughness characteristics, such as height distribution, correlation length, and surface
enhancement ratio. Furthermore, it is demonstrated that the particular surface studied contains regions in which under-etching has resulted in overhanging
structures, which would not have been identified with other surface topography techniques. Such overhanging structures can be present in a broad range of BSi
surfaces, including BSi surfaces formed by RIE and metal catalyst chemical etching (MCCE). Without proper measurement, the un-detected overhangs would result in
the underestimation of many critical surface characteristics, such as absolute surface area, electrochemical reactivity and light-trapping.

1. Introduction and motivation

Black silicon (BSi), also known as surface nano- or micro-textured
silicon, is a widely used silicon semiconductor feature which inherits
most of the advantages of bulk silicon material and possesses some
unique optical, electronic and electrochemical properties that originate
from its unique surface geometry. During the last two decades, a diverse
range of BSi with different surface morphologies have been created by
altering the fabrication processes to suit the requirements of different
applications [1]. These morphologies include nano-wires [2–4], nano-
porous structures [5,6], needle-like microstructures [7–12], inverted
pyramids [13–16], and nano-/micro-hybrid structures [17]. The en-
hanced optical absorption and enhanced surface electrochemical re-
activity of BSi is correlated with its surface morphology. Understanding
the correlation between BSi surface morphology and its unique prop-
erties is critical for optimizing devices incorporating BSi. However, the
complex nature of BSi surfaces brings extra challenges to characterize
its topographic properties and obtain an accurate surface profile, i.e.,
height distribution and roughness characteristics.

Researchers have used various characterization methods to measure
the topography of BSi [18]. The most commonly adopted technique is

atomic force microscopy (AFM) [19–21], which measures the surface
height with a scanning probe [22–27]. However, it is incredibly chal-
lenging to avoid AFM imaging artifacts when characterizing very rough
surfaces such as BSi. These artifacts can be induced by a non-ideal tip
shape, tip bending, flexing, and jumping effects, the adhesion forces
forms between tip and sample, or non-optimal scan settings [19,28–30].
The constant tip-sample interaction during the measurement of a highly
roughened surface also makes the AFM tip blunt or contaminates the tip
surface. Moreover, AFM is not able to detect structures that exceed the
physical size of the scanning probe, or micro-nano hybrid structures
that exceed the oscillation limits of the cantilever. Another option is
optical profilometry, whose working principle is similar to AFM, but
uses light as a probe to extract the topographical data from a surface
[31,32]. However, the typical BSi surface feature size is near to or
below the limit of resolution of the optical spot size, which is described
by the Abbe resolution or the Rayleigh criterion [32]. Since all scanning
probe microscopy (SPM) techniques rely on the probe-sample interac-
tion from the near-normal or near-vertical direction, none of them can
handle complex overhanging structures.

Focused ion beam – scanning electron microscopy (FIB-SEM) to-
mography uses a FIB for flexible micromachining and site-specific
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material removal in combination with high-resolution SEM imaging
after the removal of each slice [33]. This technique enables the probing
of extreme RIE structures that exceed the physical size limitation of the
high aspect ratio AFM probe; it also has the potential to deal with
complex features such as overhanging structures. However, FIB-related
artifacts may occur during ion beam/sample interactions causing bias
in the 2D profile, which affects the accuracy of reconstructed three-
dimensional (3D) models. Such artifacts include ion damage, ion
amorphization, material re-deposition, and the curtain-like surface
striations formed due to the surface topography induced ion deflection
and spatial variation of the sputter rate [34]. Saab et al. [35] studied the
surface morphology of a high aspect ratio cylindrical drill-hole like BSi
sample by FIB-SEM tomography. However, the features they extracted
from the 2D SEM image not only contained the edge of silicon and air,
but also picked up the edge that arose from the curtain structures. The
standard approach to avoid these artifacts is to: (1) Use FIB to create
trenches around the volume of interest (VOI), which not only allows the
cross-sectioned surface to be milled and imaged at an oblique angle by
the electron and ion beam, but also avoids the redeposition of sputtered
material during tomography; (2) Grow a protective platinum film of
approximately 1 µm thickness on the sample's top surface by ion beam
assisted chemical vapor deposition, enabled by an in situ gas injection
system (GIS). Pt-GIS has been used extensively to protect the top surface
of interest from spurious sputtering during the tomography; (3) Add
fiducial markers created by FIB both on the top surface and in front of
the VOI, these provide independent reference features for registration
when the automated tomography progresses [33,36,37]. However, as
we will demonstrate in this work, this procedure can be difficult or even
impossible to apply to the extreme surface features encountered in BSi.

Furthermore, an ideal 3D topographical dataset should be statisti-
cally representative of the whole surface, with a relatively large area of
interest and controlled resolution. This can be difficult to achieve if the
etch rate of the FIB process is too slow. Kroll et al. [8] employed FIB-
SEM tomography to collect a stack of cross-sectional SEM images of 15
nm thickness for a BSi sample with over 1.3 µm height needle-like
structures. The reconstructed 3D model was used to simulate the optical
response using the finite difference time domain (FDTD) method.
However, the material removal rate for the conventional liquid metal
ion source (LMIS) FIB [38] restrained the dimension of their region of
interest (ROI) to be only 3 µm × 3 µm. According to [18], a surface
roughness measurement should be performed over a reasonable sam-
pling interval, which is 0.25 to 0.50 times the correlation length1, and a
scan size which is equal to or greater than the value at which the
standard deviation or variance (σ) approaches a constant value. In
addition, it should not only be able to capture the sub-micron or nano-
size roughness feature of the texture, but also detect the potential
background waviness which is common inMCCE textured surfaces [26]
or a micro-nano dual-phase surface [17,39], both of which are typically
in the range of microns. Generally, it can be concluded that one should
scan an area of 10 by 10 microns with a scan resolution of 10 nan-
ometers to obtain accurate topography for BSi surfaces. The low
throughput of FIB-SEM means it is currently not a cost-effective can-
didate to obtain large-scale statistical data when compared to SPM
techniques. Despite this, FIB-SEM remains an essential tool for sce-
narios where SPM techniques are not able to provide sufficiently ac-
curate data, but improvements in throughput whilst maintaining re-
solution are highly desirable.

In recent years, xenon (Xe+) plasma-based FIB has proven to be a
promising substitutional technique to the conventional LMIS FIB as it
can provide faster material removal rates that satisfy applications re-
quiring high mill rates [40]. Kwakman et al. [41] and Altmann et al.
[42] achieved large area artifact-free deep cross-sections with excellent

surface quality by incorporating a rocking milling technique with the
PFIB. A large 3D volumetric dataset for a WC-Co hard metal sample
with a 150 µm × 120 µm × 80 µm volume composed of 100 nm slices
was demonstrated by Burnett et al. [38], showing that the PFIB tomo-
graphy is capable of automating the serial sectioning task and obtaining
uniformly spaced large sections [38,40,42]. A comprehensive approach
of optimizing the Xe+ plasma FIB-sample interaction toward high-
current/high milling rate activities has been developed recently, ac-
companied by the implementation of a single-crystal sacrificial mask
(SCSM) as a sample protection layer, which improves the image quality
with minimal artifacts [43]. To date, large area PFIB tomography ac-
tivities have been demonstrated with a slice thickness from 50 – 500 nm
[44]. Consequently, Xe+ plasma-based FIB-SEM tomography technique
is an ideal candidate for conducting large-area tomography activities
with a resolution down to 50 nm, which is still quite inferior to most
traditional SPM approaches.

In this paper, we employ Xe+ Plasma FIB (PFIB) for the acquisition
of true-2D statistical datasets by using an FEI Helios G4 PFIB dual beam
microscope. We demonstrate an automated PFIB tomography process
with a large volume and a controlled slice thickness of 10 nm, which is
significantly lower than demonstrated previously. This was done by
incorporating a rocking milling routine, an SCSM, and optimized mil-
ling parameters. Moreover, we present a comparison between two
sample preparation techniques. The first is based on the traditional GIS-
Pt method, which is described above. The second approach uses an
embedding material DurcupanTM ACM resin, which is commonly used
in biology [33,45–47]. For the first method, the paper demonstrates
that the Pt-GIS was not able to provide a uniform, dense layer when
applied to BSi. The resulting porous Pt layer would result in undesired
image contrast from both the voids and the void-induced curtain effect
during the automated PFIB-SEM tomography. The second method is
shown to be able to completely fill the complex BSi surface with
minimized PFIB artifacts and is subsequently employed for 3D topo-
graphy characterization. By carefully controlling the experiment con-
ditions, we were able to maintain stable PFIB-SEM tomography auto-
mated experiment conditions with1,556 SEM images being collected.
We then aligned the SEM stack, achieving controlled staircase-like ar-
tifacts along the slicing direction. The collection of BSi 3D topo-
graphical data using automated PFIB tomography and the post data
processing procedures are presented in detail. Finally, we extract the
critical surface roughness statistic characteristics and discuss the po-
tential utility of the reconstructed 3D model.

2. Sample information

A polished 6-inch round Cz silicon wafer was textured into BSi by
the maskless RIE process as described in [12]. Saw damage removal was
applied to the wafer prior to the maskless RIE process by etching in 30%
KOH at 75°C for 2 min and subsequent cleaning in 20% HCl at room
temperature for 5 min and rinsing in deionized water.Texturing of the
wafer was achieved by an ICP RIE research level tool from SPTS tech-
nologies, with 13.56 MHz radio-frequency platen power of 100 W. The
reactive gases used were O2 and SF6 with a flow rate of 76 sccm and 74
sccm, with chamber pressure of 24 mTorr and chunk temperature of
0°C. SEM images taken at various angles (plan view, 45° tilted view
and90° cross-sectional view) are shown in Fig. 1 to reveal the surface
morphology. The red arrow in Fig. 1. (d) indicates an overhang struc-
ture that can not be probed by traditional SPM techniques. The mor-
phological images of the bare sample were taken by an FEI Nova Na-
noSEM 450 field-emission microscope (FE-SEM).

3. Specimen preparation techniques

Two specimen preparation techniques were tested in this paper: the
conventional Pt-GIS coating and the modified sample embedding ap-
proach by resin. Both approaches will be explained and compared in

1 Correlation length is the length over which the auto correlation function
drops to a small fraction of its original value [18].
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detail in Section 3.1 and 3.2.

3.1. BSi and Pt-GIS interaction

The first BSi sample was cleaved into small tokens with a dimension
of 0.5 cm × 0.5 cm for all subsequent processing. The bare BSi sample
was first glued to a standard Ø12.7mm SEM pin stub mount using
conductive silver paste. Then, the sample was placed into the PFIB-SEM
dual-beam vacuum chamber and processed through a modified sample
preparation procedure as follows:

(1) A ROI was selected with a dimension of 20 µm by 20 µm re-
presenting a contamination-free and damage-free surface.

(2) The ROI was protected by a thin Pt layer of 1 µm thickness, which
was achieved by subsequent in situ electron-beam-induced deposi-
tions (EBID) and ion-beam-induced depositions (IBID). The first
thin layer of Pt with an area of 30 µm × 20 µm were deposited by a
sequence of EBID deposition at 3 kV beam energy for 3 minutes,
with beam current set to 1.6 nA, 3.2 nA then 6.5 nA. Another layer
of Pt was deposited on top by the IBID with 30 kV beam energy and
7.0 nA beam current. EBID was used as it allows for higher spatial
resolution when decomposing the Pt precursor compared to IBID
and thus allows for coating of higher aspect ratio structures.

(3) A 10 µm deep trench was created in front of the ROI by the PFIB so
that material re-deposition during the automated process could be
eliminated. Before starting the automated tomography, a cross-
sectional surface was exposed by 1.3 nA low current PFIB milling to
evaluate the Pt-BSi surface interaction.

Unlike the interaction between Pt and a shallower BSi sample,

which we demonstrated in [48], the much deeper sample structure
posed a challenge to the in situ Pt. Due to the proximity effect [49],also
known as the structure lateral broadening, with which the Pt built on
top of the structure formed a ‘mushroom’ shape which blocked the
electron-beam from reaching the bottom of the structure. On the other
hand, attenuation of the electron beam resulted in a low decomposition
at the bottom of high aspect ratio structures [35]. As shown in Fig. 3
(a), the Pt was not able to fully infiltrate the roughened surface and
form a uniform, dense layer. The porous structure would result in un-
desired striations due to the uneven ion sputtering rate. Such voids and
the void-induced curtain artifacts would result in unwanted image
contrast and lead to a biased 2D profile extraction.

3.2. Specimen embedding technique with resin

As explained inSection 3.1, Pt-GIS is not a universally suitable op-
tion as the top-surface protective layer, especially for samples with a
very high surface roughness. Herein, we introduce a new sample pre-
paration method that employs the DurcupanTM ACM resin, which sub-
stitutes the in situ Pt-GIS for the top-surface protective layer. Durcupan
is a colorless epoxy resin that is commonly used as a embedding ma-
terial for biological electron microscopy samples, it has a relatively low
viscosity and virtually no shrinkage after curing. The detailed sample
embedding procedure is described below.

For the resin embedding method, the BSi sample was pre-treated
before placing it into the dual-beam vacuum chamber. The BSi sample
was sonicated in pure methanol for 2 minutes then immersed into a
solution of methanol diluted Durcupan resin with a volume to volume
ratio of Durcupan resin: methanol = 20% V/V. The solvent and sample
were then sealed into a Falcon conical tube for 2 minutes sonication and

Fig. 1. SEM images of the BSi sample: (a) plan view, (b) 45° tilted view, and (c) cross-sectional view. (d) Shows the cross-section of the BSi highlighted (blue shade).
The presence of an overhang structure is indicated by the red arrow.

Fig. 2. Illustration of BSi sample embedding method used by immersing the sample in a graded Durcupan resin - methanol solution series.
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then put on a tube rotator for 2 hours. Sonicating and rotating were
used to help physically agitate the resin solvent and enhance the resin-
sample interaction. As shown in Fig. 2, the solvent was subsequently
replaced by a graded Durcupan resin - methanol solution series with a
Durcupan resin: methanol volume to volume ratio from 40% V/V, 60%
V/V, 80% V/V to 100% V/V. Sonication and rotation of the sample was
repeated after each solvent replacement. The sample with liquid Dur-
cupan resin was then lifted by two plastic rods to drain of excessive
resin. The lifted sample was subsequently placed into the Pelco Bio-
wave® Pro±microwave processing system with 20" Hg vacuum treated

for four hours.
The use of a diluted solution was found to reduce the trapping of air

bubbles in the inverted rod structure of the BSi. By gradually replacing
the resin solution with higher concentration, the epoxy resin was able
to inherit the better fluidity of the previous solution, and fully infiltrate
the sample without introducing new bubbles. Finally, the embedded
sample was put in a compact oven at 60°C for 48 hours for complete
polymerizing.

As shown in Fig. 3 (b), in contrast to the conventional Pt-GIS
method, the Durcupan resin can infiltrate the complex BSi surface fully,
which not only tailors the ion beam and protects the top surface, but
also provides excellent material contrast. Therefore, the resin method
was used for the remainder of this work.

4. PFIB-SEM slice-and-view procedure

Tomographical datasets of BSi were obtained using a ThermoFisher
Helios G4 PFIB UXe PFIB-SEM DualBeam system. The dual beam system
was equipped with a 2.5 µA Xe± Plasma FIB ion column, with site-
specific fast ion milling capabilities and a 50 × higher throughput

Fig. 3. (a) SEM image of the BSi sample after subsequent in situ EBID and IBID Pt-GIS, with a total thickness of ~ 1 µm; (b) the SEM image of the BSi sample
embedded with Durcupan resin.

Fig. 4. (a) Illustration of sample structure with multiple top-surface protective layers, and (b) overview SEM image of the final sample structure that was slice-and-
viewed, the inset in (b) gives an example of a typical 2D SEM image obtained by each slice-and-view activity.

Table 1
The pixel size of the slice-and-view experiment and the corresponding voxel
size for the 3D model.

HFW (µm) 25.9
Image Resolution [width × height (px)] 6144 × 4376
Pixel size (nm2) 4.21 × 4.21
Total number of slices 1,556
Slice thickness (nm) 10
Voxel size (nm3) 4.21 × 4.21 × 10.00
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milling rate [38,42,50] compared to that of conventional Ga+ based
FIB, and ultra-high-resolution monochromator scanning electron
column, with 0.8 nm SEM resolution at dual beam coincidence. The
PFIB-SEM dual beam system was controlled by the Thermo Scientific™
Auto Slice and View™ 4 software [51] to automate the slice-and-view
procedure, which consisted of repetitive PFIB cross-sectioning milling
(slice) and the subsequent high-resolution SEM imaging (view). The
epoxy embedded sample was glued to the standard Ø12.7 mm SEM pin
stub mounts by conductive silver paste, and then coated with a ~ 60 nm
sputtered Pt by Quorum Q300T D Plus dual-target sputter coater. The
sputtered Pt layer was applied to enhance the sample surface con-
ductivity and eliminate charging effects associated with the epoxy resin
during the slice-and-view process.

The detailed sample structure is shown in Fig. 4 (a), a SCSM was
placed site-specifically on top of the ROI in situ by a nano-manipulator.
Then, the SCSM was fixed on top of the sample at the rear by Pt-GIS
deposition. The SCSM played the role of the ion beam tailor that re-
duces the FIB artifacts [42]. Moreover, due to the nature of resin, the
ROI of the top-down structure was intentionally chosen to be at the
edge of the sample, further explanation of this is given in the Supple-
mentary Information. Fig. 4 (b) displays the overall SEM image of the
sample structure that has been slice-and-viewed. Two ‘X’ patterns were
created using the in situ site-specific ion patterning. The patterns acted
as fiducial markers to help the electron-beam and ion-beam to track
accurately during the automated slice-and-view process [38], giving
information about the placement of the milling location of the cross-
sectional slices. The incident ion-beam was incoming from the top of
the SCSM, along the Y direction. And the slice-and-view activity pro-
gressed normally to the imaging plane, along the Z direction, from the

outer structure to the inner structure.
During the slice-and-view process, the SEM images were collected

using an accelerating voltage of 3 kV, a beam current of 80 pA, and a
working distance of 4.0 mm. The image intensity signal was determined
from backscattered electrons collected by the through lens detector
(TLD). A comparison of SEM image quality obtained by different signal
collecting mode with different detectors is discussed in the
Supplementary Information. The material removal was carried out
using an accelerating voltage of 30 kV, an ion beam current of 15 nA,
and a working distance of 16.5 mm. The rocking milling process, which
employs a compucentric rotation of the sample by +/- 5° offset to the
incoming FIB direction, was used to minimize curtaining artifacts [38]
during the slice-and-view process.

After the slice-and-view, a stack of 2D cross-sectional SEM images of
the BSi was collected for further data processing. The pixel size of each
SEM in the stack was calculated by the ratio between the horizontal
field width (HFW) and image resolution. Combining the pixel size and
the slice distance, the voxel size for the reconstructed 3D model was
determined and summarized in Table 1.

5. Post SEM stack processing and 3D reconstruction

All of the image post-processing procedures were conducted using
the open-source image processing package FIJI [52]. A flow chart of the
step-by-step image processing is shown in Fig. 5. The raw stack of SEMs
was first smoothed by replacing each pixel with the average of its 3 × 3
neighborhood, and then blurred using a Gaussian smoothing algorithm
with a radius factor of 6.0. The line scan profiles of the raw SEM image
and the filtered SEM image (Fig. 5) indicated that this processing

Fig. 5. Flow chart of the image processing procedure of the slice-and-view datasets.
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effectively reduced the high frequency noise of the 2D image signal.
However, the edge profile of the silicon/resin interface in the SEM we
obtained was not an ideal step edge profile (i.e., an abrupt image

intensity change with sharp discontinuity). In other words, the image
intensity change was not instantaneous but occurred over a finite dis-
tance. As highlighted in the line scan of Fig. 5, the silicon/resin edges

Fig. 6. Comparison of (a) SEM image of the sample, (b) slice-and-view reconstructed 3D model in plan view, and (c) 3D reconstructed model. The black arrow
indicates the location of the overhang.
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were of ramp-like edge profiles, with an approximate ramp width of
200 nm. Such 200 nm ramp width could be associated with a few
factors: the SE interactive volume across the inclined BSi/resin inter-
face, the slightly de-focused SE during automation and the post-image
filtering. Moreover, the high ion dose received by the sample during the
slice-and-view would inevitably result in material amorphisation and
feature smooth-out.

Next, the filtered stack of SEM images was aligned by the Scale-
Invariant Feature Transform (SIFT) [53] registration tool2. With over
1500 SEM images of 24 MB per image obtained from the automated
slice-and-view procedure, the alignment settings were critical to obtain
controlled stack drifting while maintaining a highly-efficient calcula-
tion speed. All the SIFT alignment setting parameters are listed in the
Supplementary Information.

After registration, the outer regions of the stacks were cropped from
the 3D data set, which removes areas with poor data quality and
minimizes the data volume size to reduce the computational resources
required for the subsequent processing. A qualitative visual alignment
check was performed after correcting the voxel size and orthographic
project the 3D data set into YZ and XZ directions. From the orthogonal
view of Fig. 5, Step 5, we can see that the alignment is not perfect as a
slight Z-drifting is observed in the XZ and YZ plane. This Z-drifting
could be eliminated if a fiducial mark was captured together within the
SEMs, which can act as a reference point and help improve the post-
stack registration.

To extract the 2D profile of the texture from the SEM images, the
registered image data must be analyzed using an edge detection algo-
rithm to determine all location points of the silicon/resin interface.
However, there is no perfect edge detection solution that is immune to
noise and able to reliably determine the interface location with 100%

accuracy. In this case, edge detection is complicated by the ramp edge
profiles, which vary with the complicated textured surface feature or-
ientation as well as the image blur caused by e-beam interaction vo-
lumes between the sample/resin interfaces where the sample's dimen-
sion was physically smaller than the minimal detectable edge width
[54]. In this work, instead of using the rigorous edge detection algo-
rithm or advanced image deconvolution, we simplify the edge detection
by a binary step with identical ‘Isodata’ algorithm3 applied to threshold
all of the SEM images. The impact of different image binarizing algo-
rithms in describing the 2D profile is compared in detail in the Sup-
plementary Information. The utility of the binary approach, although it
may not be able to accurately identify the features with a size smaller
than the edge width, is sufficient in this work to recover most of the
features from the raw SEM images.

A 3D reconstructed surface with dimensions of 21.62 × 15.21 µm2

is shown in Fig. 6 together with the plan-view SEM image of the sample.
The insets of Fig. 6. (a) and (b) shows the direct comparison of the plan-
view SEM image and the reconstructed 3D model for the BSi sample.
Note that the 3D model is not reconstructed from the same location of
the sample where the SEM image was taken as the tomography char-
acterization is destructive. Although the SEM micrograph [Fig. 6(a)]
provides better sensitivity for shallow holes, the signal decreases dra-
matically when the depth of deep holes exceeds a certain level where all
excited electrons were re-absorbed by the sample. As a comparison, the
reconstructed 3D model [Fig. 6(b)] provides better insights into the
depth variation of deep holes.

The binarised stack was then rendered by the Volume Viewer4 to
reveal the presence of the overhang structures [Fig. 6(c)] that could not
be detected using an SPM technique. Unfortunately, although the Z-
resolution is determined by the thickness of each slice (10 nm), the
accuracy of the 3D model is mainly limited by a combination of factors,
including the quality of the 2D SEM image, which is affected by the
relative large interaction volume of back scattered electrons, the de-
focused SE image, the post-image filtering, and un-optimized edge de-
tection. The nano-sized holes visible on top of the RIE in the SEM image
[Fig. 6(a)] are ‘smoothed-out’ in the reconstructed 3D model [Fig. 6(b)]
because the ramp edge profile's width exceeds the physical size of the
feature. The ‘smoothed-out’ model would inevitably lead to biased re-
sults for the absolute surface area, roughness characteristics, and the
estimated volume that was etched when fabricating the BSi sample.
Since there is currently no convincing solution to evaluate the quality of
edge detection or to quantitatively measure the error [55], we need to
take into account the bias when calculations and simulations are carried
out based on this tomographically reconstructed 3D model.

In order to create a 3D reconstruction that is compatible with es-
tablished SPM analysis software (e.g. Gwyddion, MountainsSPIP, etc.),
the binarised images were outlined by using a one-pixel wide black
outline (value of ‘0’ in the TIFF format) between the foreground/
background interface, and all other pixels were replaced by white
(value of ‘255’ in the TIFF format). A custom MATLAB script was de-
veloped to generate the 3D surface data. In this script, only the highest
Z value for each XY data point will be extracted (e.g., only the top
surface of an overhang will be registered) so that a conventional surface
function can be utilized to describe the surface. Some preliminary
surface roughness analysis was conducted using the Gwyddion [56]
software using the surface function as shown in Table 2 and Fig. 7.

The surface height profile of the BSi sample, as well as the critical
roughness characteristics, help us to better understand the surface. For
example, the height distribution of the BSi can be used to determine the
silicon-to-air ratio along the Z-direction, which can be used as the

Table 2
Statistical roughness characteristics of the BSi sample calculated from the
highest Z indexed dataset.

Max Height (µm) 2.10
Average Height (µm) 0.95
RMS roughness (nm) 487
Correlation Length (nm) 148
Surface Enhancement Ratio (Absolute surface area/Projected area) 5.65
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Fig. 7. Height distribution of the 3D model from the highest Z indexed dataset.

2 the Scale Invariant Feature Transform (SIFT) [53] registration tool is
available at the FIJI Plugins list.

3 An iterative thresholding procedure based on the isodata algorithm [59],
which is available at the FIJI threshold list.

4 Volume Viewer is a 3D reslicing and threshold-enabled 3D visualization tool
which is available in the FIJI Plugins list.
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optical simulation input file for effective medium approximation [23]
or the surface profile can be directly imported to more rigorous simu-
lation techniques such as Finite Difference Time Domain [35,57,58].
With insights about critical surface roughness or feature shape, simu-
lating the behavior of BSi can provide design criteria for BSi device
fabrication and help improve BSi device performance to suit a wider
range of applications.

6. Conclusion

In this work, we were able to reconstruct the 3D surface morphology
of a BSi with 2 µm tall needles and accurately measure its critical
roughness characteristics. We have adapted the Xe+ plasma FIB to
conduct the precise tomographical task, which consists of using Xe+

plasma-based FIB to remove the material rapidly with concurrent op-
timized SEM imaging. Through this approach, we were able to char-
acterize the surface profile of a BSi sample with high aspect ratio fea-
tures that would be incompatible with AFM probes. By incorporating a
single-crystal sacrificial mask,rocking milling and optimizing the ex-
periment procedure, the automated PFIB slice thickness was reduced
down to 10 nm. Thanks to the fast material removal rate of Xe+ Plasma
FIB, our dataset is statistically representative for the surface char-
acteristics of BSi. The data covered lateral dimensions of 21.62 × 15.21
µm2 and a voxel size of 4.21 × 4.21 × 10.00 nm3 was obtained. Our
results have also proven that Plasma Xe+ FIB is capable of conducting
automated tomography tasks with precise milling requirements. In
order to obtain the true-2D cross-sectional profile with controlled ar-
tifacts, the top surface of a BSi sample needs to be fully infiltrated with
a second phase material. Here, we have verified that the more con-
ventional Pt-GIS deposition approach can not be successfully used on
samples with a very high surface roughness. In contrast, an alternative
approach of incorporating the Durcupan resin, which is usually used in
embedding biological samples for FIB processing, was shown to fully
infiltrate the BSi without residual voids. The resin also served as a top-
surface protective layer and protected the extreme rough top-surface of
the BSi sample from potential PFIB artifacts. The sample preparation
method described in this paper is not limited to the characterization of
BSi, it also gives guidance on FIB processing of high-roughness surfaces
for other purposes, such as TEM lamellae and site-specific defect ana-
lysis. Finally, we used the collected SEM stack to reconstruct the 3D
model of the BSi surface, which could help us to better understand the
unique properties of BSi. In the future, the model can be used as an
input file to conduct various optical simulations and process-related
simulations, which provide insights of BSi surface structure correlated
properties and design guidance for maximizing BSi device performance.
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