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Robust Preparation of Sub-20-nm-Thin Lamellae for
Aberration-Corrected Electron Microscopy

Hideyo Tsurusawa, Jun Uzuhashi, Yusuke Kozuka, Koji Kimoto, and Tadakatsu Ohkubo*

Aberration-corrected scanning transmission electron microscopy (STEM) has
been advancing resolution, sensitivity, and microanalysis due to the intense
demands of atomic-level microstructural investigations. Recent STEM
technologies require preparing a thin lamella whose thickness is ideally below
20 nm. Although focused-ion-beam/scanning-electron-microscopy (FIB/SEM)
is an established method to prepare a high-quality lamella, nanometer-level
controllability of lamella thickness remains a fundamental problem. Here, the
robust preparation of a sub-20-nm-thin lamella is demonstrated by FIB/SEM
with real-time feedback from thickness quantification. The lamella thickness
is quantified by back-scattered-electron SEM imaging in a thickness range
between 0 and 100 nm without any reference to numerical simulation. Using
real-time feedback from the thickness quantification, the FIB/SEM terminates
thinning a lamella at a targeted thickness. The real-time feedback system
eventually provides 1-nm-level controllability of the lamella thickness. As a
proof-of-concept, a near-10-nm-thin lamella is prepared from a SrTiO3 crystal
by our methodology. Moreover, the lamella thickness is controllable at a target
heterointerface. Thus, a sub-20-nm-thin lamella is prepared from a
LaAlO3/SrTiO3 heterointerface. The methodology offers a robust and
operator-independent platform to prepare a sub-20-nm-thin lamella from
various materials. This platform will broadly impact aberration-corrected
STEM studies in materials science and the semiconductor industry.

1. Introduction

Aberration-corrected scanning/transmission electron mi-
croscopy (S/TEM) is widely used for atomic-level imaging
and microanalysis in materials science and the semicon-
ductor industry.[1–4] STEM has been intensively advancing
in its resolution,[2,5] sensitivity to light elements,[6–8] and
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microanalysis of chemical status by
electron energy loss spectroscopy
(EELS).[9–16] Meanwhile, these state-
of-the-art STEM technologies require
a high-quality lamella with minimum
damage and a thickness ideally below
20 nm.[2,5,11] However, it is difficult
to prepare such a thin lamella from
a bulk material with nanometer-level
controllability of its thickness. Even-
tually, the lamella preparation limits
the practical applications of aberration-
corrected STEM.

Focused-ion-beam/scanning-electron-
microscope (FIB/SEM) is a common
method for preparing a high-quality
lamella from bulk material.[17–22] In a
standard protocol, FIB cuts a micron-
sized chunk in a bulk material, transfers
the chunk to a TEM grid by an in situ
manipulator, and finally thins the chunk.
Since a high-quality lamella needs to
minimize surface damage, the FIB ac-
celeration voltage is lowered to 2 kV or
below in the final thinning process.[19,20]

Hence, FIB can prepare a lamella with
minimum damage.

The controllability of a lamella
thickness has been a fundamental problem in the FIB/SEM
method to prepare a thin lamella. FIB/SEM can monitor the
lamella condition by SEM imaging when the FIB is thinning the
lamella (Figure 1a). An operator usually sees a secondary-electron
SEM image of the lamella and manually interprets its electron
transparency to the lamella thickness. Although SEM imaging
helps determine the endpoint of the FIB thinning process, this
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Figure 1. Thickness quantification of a SrTiO3 crystal by BSE imaging. a) Schematic illustration of an FIB/SEM system. A lamella is tilted to the FIB’s
beam axis during a thinning process. b) Schematic illustration of a model chunk with a wedge shape. c) Side-view SEM image of a prepared chunk. The
maximum thickness of the chunk is 560 nm. d) Front-view BSE image of the wedge-shaped chunk. The chunk is tilted to the FIB’s beam axis. e) Profile
of the normalized BSE intensity from the bottom edge to the top edge. The profile is cropped from the dotted region in (d) and averaged along the
horizontal direction. f) The normalized BSE intensity is plotted as a function of thickness. Scale bars: 1 μm.

manual estimation of the lamella thickness is not quantitative but
solely depends on the operator’s expertise and skill.

Quantification of a lamella thickness from an SEM image
has attracted considerable attention for the robust preparation
of a thin STEM lamella. Ref. [23] reports that secondary-electron
(SE) imaging can quantify the thickness of a Si lamella in a
range above 20 nm. Refs. [24, 25] show the quantification of
a lamella thickness above 50 nm by combining back-scattered-
electron (BSE) imaging with Monte Carlo simulation. The other
reports show the experimental quantification of a thick lamella
(≈ 100 nm) by STEM in SEM[26] and four-dimensional STEM.[27]

In general, SE imaging is sensitive to surface conditions, whereas
BSE imaging reflects on the material’s contrast due to the atomic
number and density of the sample.[28] Repetitive SEM imag-
ing in an FIB thinning process may cause surface contamina-
tion and surface charging, both of which affect the intensity
of SE imaging. For this reason, BSE imaging may benefit the
stability of thickness quantification in the lamella preparation
process.

However, the quantification of a lamella thickness from the
intensity is unmatured. The previous studies depend on the ref-
erence to Monte Carlo simulation in the thickness quantifica-
tion, where the experimental validation covers only two thick-
ness points of 50 and 100 nm.[24,25] It is not experimentally con-
firmed if the BSE imaging can quantify the lamella thickness be-
low 20 nm. Recently, Skoupy et al. have experimentally studied
the BSE intensity of a thin film grown on a substrate.[29] The nor-
malized intensity of the BSE image linearly increases as the film
thickness increases from 0 to 10 nm.[29] The linear response and
its sensitivity near zero thickness suggest that BSE imaging may
be able to quantify the thickness of a thin lamella. We point out
that the pioneering study by Skoupy et al. acquires the BSE im-
age of a flat sample without tilting. In contrast, a STEM lamella
is usually tilted during an FIB thinning process (Figure 1a).
The tilt effect on the BSE image of a lamella should be care-

fully considered since the BSE generation mechanism depends
on the incident beam’s angle and detection angle.[28,29] Thus,
SEM experiments are needed to establish the thickness quantifi-
cation of a tilted lamella from BSE imaging. Furthermore, the
key challenge is addressed to realize the nanometer-level con-
trollability of a lamella thickness for aberration-corrected STEM
investigations. Real-time feedback from the thickness quantifi-
cation to the FIB thinning process should be implemented
and validated in a workflow of preparing a high-quality thin
lamella.

Here, we demonstrate the robust preparation of sub-20-nm
thin lamellae by FIB/SEM with real-time feedback from thick-
ness quantification. First, we show that BSE imaging can quantify
a lamella thickness from 0 to 100 nm without any references to
numerical simulation. Then, we implement a real-time feedback
program that terminates the FIB thinning if the lamella thickness
reaches a target thickness. The real-time feedback leads to the
nanometer-level controllability of the lamella thickness. Using
this novel FIB/SEM methodology, a near-10-nm-thin lamella has
been prepared from a SrTiO3 single crystal. Aberration-corrected
STEM confirms the thinness and quality of the prepared lamella.
Moreover, we demonstrate that our methodology can prepare a
thin lamella from a targeted heterointerface. Our methodology
solves the fundamental difficulty in the robust preparation of a
sub-20-nm-thin lamella from various materials.

2. Results and Discussion

2.1. Quantifying a Lamella Thickness by SEM

First, we study the quantitative relationship between the BSE in-
tensity and the lamella thickness of a SrTiO3 single crystal as
a standard material. A wedge-shaped chunk is prepared from a
SrTiO3 single crystal by FIB (see Figures 1b,c and Experimental
Section). Because this model chunk has flat surfaces, the distance
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Figure 2. Stability of the thickness quantification of a SrTiO3 chunk. The impact of the SEM settings on the thickness quantification of a SrTiO3 chunk
is investigated. a) Impact of dwell time. b) Impact of repetitive acquisitions of BSE images. A single BSE image of the 10th, 20th, and 30th acquisition
is analyzed. c) Impact of system shutdown. The BSE image was acquired from the same chunk after the entire shutdown of the FIB/SEM system.

from the bottom edge is proportional to the local thickness. This
model experiment allows a direct comparison between the BSE
intensity and the local thickness.

Figure 1d shows the BSE image of the wedge-shaped chunk
that is tilted to the FIB’s beam axis. The BSE intensity is almost
constant in the selected area, while the intensity gradually de-
creases from the bottom edge to the vacuum region. The mono-
tonic change between the two intensity levels allows robust nor-
malization of the BSE image as Inorm = (Iraw − Imin)/(Imax − Imin),
where Inorm and Iraw are the normalized and raw BSE intensity of
the chunk and Imin and Imax are the minimum and maximum in-
tensity in the selected region of Figure 1d. Hence, Figure 1e plots
the normalized BSE intensity profile along the vertical displace-
ment.

We aim to extract the relationship between the normalized
BSE intensity and the thickness. So, the vertical displacement
(y) is rescaled to the thickness (d) by the following protocol. i)
Maximum displacement (ymax) is defined as the displacement at
the interface between the SrTiO3 substrate and the Pt-deposition
layer. This displacement can be identified in the Inorm profile of
Figure 1e (see the slight increase of Inorm at the right arrow). ii)
Edge displacement (y0) is defined as the displacement of the thin
bottom edge (the left arrow in Figure 1e). For the accurate de-
termination, we fit the BSE intensity profile as a linear function
in the fitting range of 0.4 < Inorm < 0.6. The edge displacement
is identified as the displacement where the fitting function has
Inorm = 0. iii) Maximum thickness (dmax) is defined as the chunk
thickness at y = ymax. This thickness can be measured in the side-
view SEM image (Figure 1c). iv) Finally, the vertical displacement
is rescaled to the thickness as d = dmax × (y − y0)/(ymax − y0).

Figure 1f shows the normalized BSE intensity as a function of
thickness. The normalized BSE intensity has a sensitivity to the
thickness from 0 to ≈ 100 nm. More importantly, the normalized
BSE intensity is proportional to the thickness in a range from 0 to
80 nm. Lamella preparation usually needs thickness quantifica-
tion when the lamella thickness is below 100 nm. Thus, we sim-
plify the thickness quantification model as Inorm = 𝜂d, where 𝜂 is
a coefficient to convert the normalized BSE intensity to the thick-
ness. In our experiment of Figure 1f, we obtain 𝜂 = 0.0098 (nm−1)
for a SrTiO3 crystal by the proportional fitting in a range of 0.4
< Inorm < 0.6. Note that the proportional fit has a slight differ-
ence from the Inorm plot in the range of 0 < Inorm < 0.2. This is
due to the roundness at the tip of the wedge-shaped chunk. In a
later part of this study, the direct comparison with the EELS thick-

ness confirms the accuracy of the thickness quantification from
BSE imaging.

2.2. Robustness of Thickness Quantification

We investigate the robustness of the thickness quantification by
BSE imaging. Figure 2 analyzes the BSE images of the same
SrTiO3 chunk with different SEM parameters. The dwell time of
image acquisition directly changes the raw BSE intensities and
impacts surface charging. Nonetheless, the normalized BSE in-
tensity is significantly robust to these settings (Figure 2a). Repeti-
tive acquisitions of SEM images are essential during an FIB thin-
ning process. Such repetitive acquisitions could lead to charging
or surface contamination. Figure 2b compares the BSE images of
the SrTiO3 chunk over repetitive acquisitions of 30 images. The
normalized BSE intensity receives a negligible impact from the
repetitive BSE acquisitions. Thus, the temporal change of the nor-
malized BSE intensity is directly linked with the thickness change
of the lamella. To guarantee the quantitative repeatability of the
BSE imaging, we reproduced the BSE imaging after the FIB/SEM
system was completely shut down for maintenance (Figure 2c).
These systematic experiments highlight the significant robust-
ness of the thickness quantification by BSE imaging.

We also apply the thickness quantification method to various
materials of single-crystalline substrates. Wedge-shaped chunks
were prepared from Si, sapphire, and MgO substrates. BSE im-
ages were acquired from the chunks with a tilted geometry
(Figure 1a). The normalized BSE intensity is plotted as a function
of thickness for each of the materials (Figure 3). Proportional fit-
ting is commonly valid in a thickness range from 0 to 100 nm,
while the SEM acceleration voltage should be tuned for each ma-
terial. This is because BSE imaging reflects on the material’s con-
trast due to the atomic number and density of the sample.[28]

As the SEM acceleration voltage increases, the incident electron
beam penetrates into a lamella deeper, increasing the sensitivity
to a thicker region.

Thus, we have established the robust quantification of lamella
thickness by BSE imaging. The quantification methodology
presents notable advantages over the existing methods. First, the
measurable thickness ranges from 0 nm, which is necessary for
the nanometer-level thickness controllability in the preparation
of a sub-20-nm-thin lamella. Second, the quantification model
has a simplicity of Inorm = 𝜂d, where the proportional coefficient 𝜂
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Figure 3. Thickness quantification of various materials by BSE imaging. Thickness quantification by BSE imaging is applied to various materials. The
impact of the SEM acceleration voltage is also compared among 5 kV, 7 kV, and 10 kV. a) a Si single crystal. b) a sapphire crystal. c) a MgO single
crystal. Since the tip of the MgO chunk is bending, the data near zero thickness is removed. The coefficients 𝜂 of these plots are summarized in Table S1
(Supporting Information).

abstracts all knowledge about the relationship between the thick-
ness and SEM intensity. Third, the coefficient 𝜂 can be exper-
imentally determined by imaging a wedge-shaped chunk with-
out any reference to numerical simulation. Fourth, the thickness
quantification is reproducible. Finally, the thickness quantifica-
tion is applicable to a broad range of materials. So, our methodol-
ogy solves the fundamental difficulty of thickness quantification
in preparing a thin lamella.

2.3. Real-Time Feedback to FIB

Our method to quantify the lamella thickness is integrated with
FIB thinning. We implement a real-time feedback program that
autonomously terminates an FIB thinning process when the
lamella thickness reaches a target thickness. Figure 4 explains
the feedback loop of our program. Initially, a user defines a thin-
ning region in an FIB image, a targeted region, and a reference
region in an SEM image, and the parameters of 𝜂, the thinning
interval, and the target thickness (dstop). A BSE image is acquired
when the control program starts operation. The reference cov-
ers the thickest and the vacuum regions, which provide Imax and

Imin for normalization, respectively. The BSE intensity averaged
in the target region is normalized to Inorm. The local thickness (d)
of the target region is calculated as d = Inorm/𝜂. If d ⩾ dstop, the
control program executes the sequence of the FIB thinning with
the pre-defined interval and the updating of the BSE image. If d
< dstop, the control program terminates the FIB thinning. In this
way, our program determines the termination of the FIB thin-
ning based on the real-time feedback of the quantified lamella
thickness.

We experimentally confirm that the real-time feedback system
controls the thickness of a SrTiO3 lamella in an FIB thinning pro-
cess (Figure 5). The FIB acceleration voltage of our experiments is
8 kV, considering a good balance between the sharp beam profile
(Figure 4b) and the low damage to the lamella surface (Figure S1
in Supporting Information). The target thickness dstop is fixed at
18 nm. Figure 5a,b shows a typical process of the 8 kV-FIB thin-
ning. The thickness of an initial lamella monotonically decreases
from d = 63.3 nm (t = 0 s) and stops at d = 17.6 nm (t = 18 s).
Since the target thickness is 18 nm, the real-time feedback system
terminates the FIB thinning as expected.

The statistical repeatability of the real-time feedback system
is investigated. Figure 5c shows the thickness of eight lamellae

Figure 4. Real-time feedback of lamella thickness to the FIB termination. a) Feedback program to determine the termination of an FIB thinning process.
b) Setup of automation parameters. The target region and reference region are defined in the BSE image. The thinning region is defined in the FIB image.
Scale bar: 5 μm.
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Figure 5. Controllability of a lamella thickness using the real-time feedback. a) A typical process of the 8 kV-FIB thinning with real-time feedback to the
FIB termination. BSE images were acquired every 1 second of the FIB thinning time. b) The temporal change of the lamella thickness during the 8 kV-FIB
thinning. Our real-time feedback system terminated the FIB thinning when the thickness reached 17.6 nm at t = 18 s. c) Repeatability of the lamella
thickness at which our feedback system terminated the FIB thinning. Scale bar: 1 μm.

after the 8 kV-FIB thinning with the real-time feedback of the
thickness quantification. The average thickness among the eight
lamellae is 16.2 nm ±1.2 nm, almost equal to dstop = 18 nm.
In Figure 5b, the thinning rate is calculated as 2.5 nm s−1.
The thickness deviation of 1.2 nm is half of the thickness
that the FIB thins in a pre-defined interval (1 s). Thus, one
can improve the thickness controllability by slowing down the
thinning rate (e.g., lowering the FIB current). Taken together,
the real-time feedback of the thickness quantification provides
one-nanometer-level controllability of the lamella thickness
during an FIB thinning process.

2.4. Workflow of Lamella Preparation

The FIB thinning with the real-time feedback is applied to the
workflow of lamella preparation. A common workflow to prepare

a high-quality lamella has three major steps in its thinning pro-
cess: i) preparing an initial lamella with a thickness of ≈ 100 nm
(Figure 6a), ii) low-damage thinning of the lamella (Figure 6b),
and iii) the final cleaning of the surface damage (Figure 6c).
Among these three steps, the controllability of the lamella thick-
ness has a critical impact on the low-damage thinning process.
Thus, the real-time feedback system is used in the low-damage
thinning process of our workflow (Figure 6b).

Our workflow is designed as follows. An initial lamella is pre-
pared using the automated protocol presented in Ref. [22]. Com-
mercial software automatically operates the rough-milling pro-
cess, the lift-out process, and the 30 kV-FIB thinning process.
The nominal thickness of the 30 kV-FIB thinning is set at 120 nm
(Figure 6a). Note that the nominal thickness is the spatial gap be-
tween two FIB-milling boxes, not the measured thickness of an
actual lamella.[22] Next, the 8 kV-FIB thins both sides of the ini-
tial lamella down to a sub-20-nm thickness by using the real-time

Figure 6. Workflow of preparing a thin lamella from a SrTiO3 single crystal. a) Preparation of an initial lamella. b) The 8 kV-FIB thinning of both sides of
the lamella using our real-time feedback program. The FIB mode and its current are cleaning cross section (CCS) and 26 pA, respectively. The over-tilt
angles of the 8 kV-FIB processes are −3.0° (the first process) and +2.5° (the second process). c) Manual cleaning by the 2 kV-FIB with rectangle FIB
mode and a beam current of 17 pA. The over-tilt angles are +7.0° (the first process) and −7.0° (the second process). The termination criterion of the
2 kV-FIB is a fixed interval of 10 s per side. Scale bars: 1μm.
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Figure 7. STEM evaluation of the lamella prepared from a SrTiO3 single crystal. a) HAADF-STEM image of the prepared lamella. b) EELS thickness profile
along the vertical axis in panel (a). Vertical displacement is 0 nm at the interface between the top protective layer and the SrTiO3 crystal. The profile of
normalized BSE intensity (Inorm) is quantified from the BSE image in Figure 6c. The dotted line indicates the thickness gradient with a taper angle of
0.7°. c) Monochromated EELS of Ti-L edge was acquired in the thinnest region. d) and e) Atomic-level HAADF and ABF images were simultaneously
acquired in the thinnest region. All images are unfiltered. Scale bars: 1μm (a) and 1 nm (d and e).

feedback system (Figure 6b). The first 8 kV-FIB process thins one
side of the lamella, where the target thickness is 32 nm. The sec-
ond 8 kV-FIB process thins the other side of the lamella, where
the target thickness is 18 nm. Because our real-time feedback
system provides the one-nanometer-level controllability of the
lamella thickness, the lamella has the actual thickness of 31 and
17 nm after the first and second thinning processes, respectively
(Figure 6b). Finally, the 2 kV-FIB cleans both sides of the lamella
to minimize the surface damage. The operation of the 2 kV-FIB
cleaning is manual and terminated by a pre-defined interval (10 s
per side). Figure 6c shows the BSE image acquired after the 2 kV-
FIB cleaning. The lamella has a thickness of 8 nm in the thinnest
region (Figure 7b). Thus, we have successfully prepared a near-
10-nm-thin lamella from a SrTiO3 crystal by the workflow men-
tioned above.

We also check if our workflow can minimize the surface dam-
age of the lamella. Figure S1 (Supporting Information) shows
that the depth of the FIB’s damage is ≈ 10 nm and below 2 nm
when the FIB acceleration voltage is 30 and 8 kV, respectively.
Thus, the thickness targets in the initial lamella preparation
(120 nm) and the low-damage thinning (18 nm) are reasonable
from the viewpoint of damage management. In the final clean-
ing process, the 2 kV-FIB decreases the surface damage within
an atomic layer per side (Figure S1c in Supporting Information).
The lamella thickness of 8 nm equals 21 atomic layers of SrTiO3
crystal. Thus, the prepared lamella may have a notable balance
between the thinness and minimum surface damage.

2.5. STEM Evaluation of the SrTiO3 Lamella

Aberration-corrected STEM imaging and monochromated EELS
evaluate the thinness and crystalline quality of the SrTiO3 lamella
prepared by our workflow. The thickness profile across the
lamella is extracted from the EELS zero-loss peak (Figure 7a
and b). The EELS thickness of the lamella ranges from 0.09𝜆
= 9 nm to 0.60𝜆 = 58 nm, where 𝜆 is the mean free path of
a 300 keV electron and has its value of 97 nm in SrTiO3. We
compare the EELS thickness with the thickness quantified from
the BSE image in the same lamella. The EELS thickness pro-
file overlaps with the normalized BSE intensity of the lamella
(Figure 7b). This result supports the thickness quantification
model of Inorm = 𝜂d (see Figure 1). The thinnest region in the
lamella has Inorm = 0.077, which can be converted to the thickness
as d = Inorm/𝜂 = 8 nm. The thickness quantified from BSE imag-
ing mostly matches the EELS thickness in the thinnest region.
Considering the simplicity of our quantification model, the accu-
racy of quantifying the lamella thickness from the BSE image is
notable.

Next, we evaluate the crystalline quality of the prepared lamella
in its thinnest region. Figure 7c shows that both peaks of Ti-L2
and Ti-L3 split in the EEL spectrum. These splits are the signature
of the symmetric TiO2 octahedra in a SrTiO3 crystal.[30] Figure 7d,
7e, and Figure S5 (Supporting Information) show the atomic-
level STEM images acquired in the thinnest region of the lamella.
In the high-angle annular dark-field (HAADF) image, titanium
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Figure 8. STEM evaluation of a thin lamella prepared from LaAlO3/SrTiO3 heterostructure interface. a) Schematic of the LaAlO3/SrTiO3 heterostructure
grown on a SrTiO3 substrate. The LaAlO3 layer has a thickness of 20 nm and is capped with another SrTiO3 layer. b) HAADF-STEM image of the lamella.
The green box indicates the position of the heterostructure interface. c) EELS thickness profile from the heterointerface along the vertical direction (see
the arrow in (b)). The thickness profile of the same lamella is also quantified from the BSE image acquired after all preparation processes (see Figure S3
in Supporting Information). The dotted line indicates the thickness gradient with a taper angle of 0.2°. d) and e) Atomic-level HAADF and ABF images
were acquired at the interface between the LaAlO3 layer and the SrTiO3 substrate. Both images are unfiltered. Figure S2b (Supporting Information) shows
an atomic-level iDPC image of the heterostructure interface. f) The intensity profile of the ABF image (see the red mark in (e)). The arrows indicate the
positions of oxygen atoms. Scale bars: 1 μm (b) and 1 nm (d).

and strontium atoms are visualized, whereas oxygen atoms
are hardly visible (Figure 7d). Due to its sensitivity to the light
elements, the annular bright-field (ABF) image complementarily
visualizes the oxygen atoms in the SrTiO3 lamella (Figure 7e). An
integrated differential phase contrast (iDPC) image of the lamella
also visualizes the oxygen atoms (Figure S2a in Supporting
Information).

These STEM results confirm that the thinness and
crystal quality of the lamella are suitable for aberration-
corrected STEM investigations. In other words, our work-
flow has a suitable design for i) the control of the lamella
thickness and ii) the damage management in the lamella
preparation.

2.6. Targeting a Heterointerface

We apply our methodology to a heterointerface to cover many
STEM studies. As designed in Figure 4, our real-time feedback
program monitors the lamella thickness “at any region” that a
user selects. Thus, the lamella thickness at a heterointerface may
be controllable by selecting the target region near the target het-
erointerface. As a model case, our methodology is applied to an
epitaxial heterostructure of LaAlO3 grown on a SrTiO3 (001) sub-
strate (see Experimental section and Figure 8a). Epitaxial het-
erostructures and superlattices on SrTiO3 have been intensively
studied as a platform for creating emergent phenomena in com-
plex oxides.[31–40]

Small Methods 2024, 2301425 © 2024 The Authors. Small Methods published by Wiley-VCH GmbH2301425 (7 of 10)
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In our experiment, a sub-20-nm-thin lamella is prepared from
the LaAlO3/SrTiO3 heterointerface by our workflow in Figure 6.
The 8 kV-FIB thinning process is controlled by the real-time feed-
back system. The target region is set at the SrTiO3 substrate re-
gion slightly below the heterointerface (Figure S3a in Support-
ing Information). We aim to control the lamella thickness at the
LaAlO3/SrTiO3 heterointerface by controlling the lamella thick-
ness in the substrate region. As shown in Figure S3 (Support-
ing Information), our workflow has successfully prepared a thin
lamella from the heterostructural sample. Note that the target
thickness of the 8 kV-thinning is changed to 29 nm because the
FIB’s damage to a LaAlO3 crystal is not precisely known.

Aberration-corrected STEM evaluates the lamella prepared
from the heterointerface. Figure 8c shows the EELS thickness
profile from the heterointerface to the SrTiO3 substrate. The
thickness profile is mostly flat near the target heterointerface.
Thus, our methodology can control the lamella thickness of a het-
erointerface by controlling the lamella thickness at the substrate.
The EELS thickness near the heterointerface is 0.2𝜆 = 19 nm.
The normalized BSE intensity in the thinnest region is Inorm =
0.19, which is converted to the thickness of Inorm/𝜂 = 19 nm
(Figure 8c). In addition, the EELS thickness profile of the lamella
mostly fits the profile of the thickness quantified by BSE imag-
ing. This confirms, again, that the thickness quantification from
BSE imaging is accurate.

Atomic-level STEM images of the heterointerface are shown in
Figure 8d. The HAADF image visualizes the atoms of strontium,
titanium, lanthanum, and aluminum in the heterointerface. The
ABF and iDPC images also visualize the oxygen atoms in the het-
erointerface (Figures 8e and f and Figure S2b in Supporting In-
formation). The position of each atomic column at the heteroin-
terface addresses the distortion and rotation of the local crys-
talline lattice, which links with emergent phenomena in complex
oxides.[31–40] In addition to the atomic-level imaging, we show the
layer-resolved EELS mapping in the heterointerface (Figure S4 in
Supporting Information). The EELS elemental mapping shows
that the LaAlO3/SrTiO3 heterostructure has a sharp interface.
We also analyze the spectral change of the Ti-L edge across the
heterointerface. The peaks of Ti-L2 and Ti-L3 edge split in both
the SrTiO3 substrate and the SrTiO3 cap layer. Thus, the pre-
pared lamella retains the highly crystalline structure of SrTiO3
at the heterointerface.

These STEM results confirm that the prepared lamella has
suitable thinness and high crystalline quality “at the target
heterointerface.” In addition, we have already shown that our
methodology can quantify the lamella thickness of standard sub-
strates (Figure 3). Therefore, our methodology is applicable to
various heterointerfaces grown on a standard substrate.

2.7. Broad Impact to STEM Studies

Aberration-corrected STEM has been advancing its
resolution,[2,5] sensitivity to light elements,[6–8] and EELS
microanalysis[9–16] due to the intensive demand for atomic-
level microstructural investigations. The state-of-the-art STEM
methodologies require the preparation of a thin lamella. For
example, the state-of-the-art imaging of electron ptychography
records the highest resolution of 23 pm.[5] Electron ptychog-

raphy severely requires that the lamella thickness is 20 nm or
below because multiple scattering of the electron beam inside
a lamella leads to the loss of spatial resolution.[5,41,42] When
this highest-resolution imaging is applied to a heterointer-
face, the lamella thickness “at the interface” should be strictly
controlled in a sub-20-nm range. Such preparation is very
difficult by the existing FIB/SEM methodology because an
operator estimates the lamella thickness without quantitative
image analysis. In contrast, our methodology quantifies the
lamella thickness near the target heterointerface. Real-time
feedback of the local thickness realizes one-nanometer-level
controllability of the lamella thickness at the heterointerface.
Moreover, our methodology does not need special expertise
for the preparation of a sub-20-nm-thin lamella at a specific
heterointerface. Hence, the preparation methodology in our
study will broaden the applications of state-of-the-art STEM
methodologies.

While this study focuses on the thickness range below 20 nm,
some of the STEM studies accept a relatively thick lamella.
HAADF imaging and energy-dispersive X-ray analysis are less
sensitive to lamella thickness than state-of-the-art STEM tech-
niques. In our experiments, the BSE imaging can quantify the
lamella thickness up to 80 nm (upper thickness of the propor-
tional fitting in Figure 1f). Thus, our real-time feedback system
offers on-demand control of the lamella thickness only if the tar-
get thickness fits the measurable range. A notable advantage of
our methodology is that a user can determine the lamella thick-
ness as a given parameter. All expertise about the thickness quan-
tification is summarized into one coefficient of 𝜂. Unlike previous
studies,[24,25] the parameter 𝜂 can be experimentally determined
from a wedge-shaped chunk (Figure 1). In addition, the thickness
quantified from BSE imaging is robust and compatible with the
EELS thickness. Thus, a user can predict if the lamella has a suit-
able thickness “before” the STEM investigation. These advances
should help many STEM studies, especially in the case that an
operator is a non-expert.

Moreover, our novel FIB/SEM methodology should impact
the FIB/SEM automation in materials science,[22] biological
science,[43] and the semiconductor industry.[44] The existing tech-
nologies of FIB/SEM automation cover the rough-milling, lift-
out, and thinning processes but do not quantify lamella thick-
ness from SEM imaging in the final thinning process. Thus,
the existing automation of FIB/SEM causes the discrepancy
between the nominal thickness and the actual thickness.[22,43]

The discrepancy is typically in the order of 10 nm. As demon-
strated in Figure 5, our real-time feedback system provides one-
nanometer-level controllability of lamella thickness. Combining
this methodology with the existing automation technology will
significantly enhance the controllability of the lamella thick-
ness, driving the shift from a manual FIB/SEM to an automatic
FIB/SEM.

3. Conclusion

This study solves fundamental difficulties in preparing a
high-quality sub-20-nm-thin lamella for aberration-corrected
STEM. We establish a robust methodology to quantify a lamella
thickness by BSE imaging (Figures 1-3). The thickness quan-
tification provides feedback to determine the termination of

Small Methods 2024, 2301425 © 2024 The Authors. Small Methods published by Wiley-VCH GmbH2301425 (8 of 10)

 23669608, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

td.202301425 by C
ochrane Japan, W

iley O
nline L

ibrary on [01/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-methods.com


www.advancedsciencenews.com www.small-methods.com

an FIB thinning process in lamella preparation (Figure 4),
leading to one-nanometer-level controllability of lamella thick-
ness (Figure 5). Using the real-time feedback system, we have
successfully prepared a near-10-nm-thin lamella from a SrTiO3
crystal (Figures 6 and 7). We also demonstrate that our method-
ology is applicable to a STEM study of a heterointerface grown
on a standard substrate (Figure 8). Therefore, the methodology
presented in our study offers a robust and operator-independent
platform to prepare a thin lamella from various materials. This
platform will broadly impact aberration-corrected STEM studies
in materials science[1,2] and the semiconductor industry.[3,4]

4. Experimental Section
FIB/SEM System: An FIB/SEM DualBeam system (Helios 5 UX,

Thermo Fisher Scientific) was used. The real-time feedback system with
Python script was implemented. The script was run through Auto-
Script 4 (Thermo Fisher Scientific). Note a recent demonstration of script-
based FIB/SEM automation to prepare a sharp needle for atom probe
tomography.[45] The study autonomously determines the termination of
FIB milling of a needle by the feedback of SEM imaging, using the FIB/SEM
platform of Helios 5 UX and Python scripting.

SEM Imaging: To quantify the thickness of a lamella or a wedge-
shaped chunk, BSE images were acquired by a high-resolution SEM inte-
grated with Helios 5 UX. Immersion-lens mode was chosen and an in-lens
detector of Through-Lens-Detector (TLD) with BSE mode was used. Accel-
eration voltage, beam current, and dwell time were set at 7 kV, 0.8 nA, and
1 μs, respectively. When acquiring an SEM image, a lamella (or a wedge-
shaped chunk) was tilted to the FIB’s beam axis. The SEM’s defocus is
negligible to the BSE intensity profile along the tilted direction. See also
Figure S6 in Supporting Information.

Preparing a Wedge-Shaped Chunk: Wedge-shaped chunks were pre-
pared from SrTiO3, Si, sapphire, and MgO by the following procedure.
First, gold was sputtered to a substrate to avoid charging up. Second, a
protective layer was made on the substrate by FIB deposition. Third, FIB
cut a micron-sized chunk in the substrate and transferred the chunk to
a TEM grid by an in-situ manipulator. Finally, the FIB at 30 kV milled the
chunk with an over-tilt angle of ±7.0°. The flatness of the chunk surfaces
was carefully checked by a side-view SEM and a thickness quantification
from a 10 kV-BSE image.

Preparing a Thin Lamella: Initially, gold was sputtered to a SrTiO3 sub-
strate to avoid charging up. Pt-deposition, rough-milling, lift-out, and the
30 kV-FIB thinning processes were operated by following the methods
of Ref. [22]. The 8 kV-FIB thinning process was controlled by the real-
time feedback system that we implemented. To quantify lamella thickness
from BSE imaging, the conversion coefficient 𝜂 is set at 0.0098 nm−1 (see
Figure 1). Note that the over-tilt angle was tuned to minimize the thick-
ness gradient in the lamella from the top protective layer to the bottom
edge. The 2 kV-FIB finally cleaned the surfaces of a lamella.

STEM Analysis: Titan Cubed (Thermo Fisher Scientific) with aberra-
tion correctors and a monochromator was used. The acceleration voltage
was set at 300 kV. EELS data were acquired by a spectrometer (Continuum,
Gatan) with Titan Cubed. iDPC images were acquired by a 4-segmented
STEM detector and analysis software (Velox, Thermo Fisher Scientific).
We also used Titan200 ChemiSTEM (Thermo Fisher Scientific) for the
aberration-corrected STEM analysis operated at 200 kV. EELS thickness is
calculated from the zero-loss peak intensity of the measured spectra using
Digital Micrograph software (Gatan).[11] The mean free path of a 300 keV
electron was set at 97 nm in the thickness analysis of the SrTiO3 lamella.

Synthesis of LaAlO3/SrTiO3 Heterostructure: LaAlO3 was synthesized
on a single crystal of SrTiO3 by pulsed laser deposition at 550°C under
an oxygen partial pressure of 1 mTorr with a laser frequency and energy
of 5 Hz and 13 mJ per pulse using a fourth harmonic wave of a Nd:YAG
laser. The thickness of the LaAlO3 was 20 nm. The LaAlO3 was capped by
SrTiO3.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
The authors thank Kyoko Suzuki and Atsuya Kurita for experimental sup-
port and Smart Solutions Corporation for supporting the implementa-
tion of codes. Y.K. was financially supported by JST FOREST Program
(Grant Number: JPMJFR203D), and MANA, World Premier International
Research Center Initiative (WPI), MEXT, Japan. K.K. was financially sup-
ported by a Grant-in-Aid for Transformative Research Areas (A) ‘Supra-
ceramics’ (JSPS KAKENHI Grant Numbers JP 22H05145). This work was
supported by MEXT Program: Data Creation and Utilization-Type Mate-
rial Research and Development Project (Digital Transformation Initiative
Center for Magnetic Materials) Grant Number JPMXP1122715503.

Conflict of Interest
The authors declare no conflict of interest.

Author Contributions
H.T., J.U., and T.O. conceptualized the study and developed the FIB/SEM
software. H.T. and J.U. prepared lamellae. Y.K. synthesized materials. J.U.
and K.K. performed STEM measurements. H.T. curated the data and wrote
the manuscript. All authors discussed the results and commented on
the manuscript.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
aberration-corrected STEM, FIB/SEM, lamella preparation, SEM imaging,
thickness quantification

Received: October 17, 2023
Revised: January 24, 2024

Published online:

[1] S. J. Pennycook, P. D. Nellist, Scanning Transmission Electron Mi-
croscopy: Imaging and Analysis, Springer Science & Business Media,
Spring St, NY 2011.

[2] S. J. Pennycook, C. Li, M. Li, C. Tang, E. Okunishi, M. Varela, Y.-M.
Kim, J. H. Jang, J. Anal. Sci. Technol. 2018, 9, 1.

[3] N. G. Orji, M. Badaroglu, B. M. Barnes, C. Beitia, B. D. Bunday, U.
Celano, R. J. Kline, M. Neisser, Y. Obeng, A. Vladar, Nat. Electron.
2018, 1, 532.

[4] Z. Zhang, W. Wang, Z. Dong, X. Yang, F. Liang, X. Chen, C. Wang,
C. Luo, J. Zhang, X. Wu, L. Sun, J. Chu, Adv. Electron. Mater. 2022, 8,
2101401.

[5] Z. Chen, Y. Jiang, Y.-T. Shao, M. E. Holtz, M. Odstrčil, M. Guizar-
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[27] R. Skoupỳ, D. B. Boltje, M. Slouf, K. Mrázová, T. Láznička, C. M.
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