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Abstract

High-quality thin lamellae are essential for state-of-the-art scanning transmission electron
microscopy (S/TEM) analyses. While the preparation of S/TEM lamellae using focused ion beam
(FIB-) scanning electron microscopy (SEM) has been established since the early 21% century, two
critical factors have only recently been addressed: precise control over lamella thickness and a
systematic understanding of FIB-induced damage. This study conducts an experimental investigation
and simulation to explore how the intensities of backscattered and secondary electrons (BSEs and SEs,
respectively) depend on lamellae thickness for semiconductor (Si), insulator (Al2O3), and metallic
(stainless-steel) materials. The BSE intensity shows a simple linear relationship with the lamella
thickness for all materials below a certain thickness, whereas the relationship between the SE intensity
and thickness is more complex. In conclusion, the BSE intensity is a reliable indicator for accurately
determining lamella thickness across various materials during FIB thinning processing, while the SE
intensity lacks consistency due to material and detector variability. This insight enables the integration
of real-time thickness control into S/TEM lamella preparation, significantly enhancing lamella quality
and reproducibility. These findings pave the way for more efficient, automated processes in high-
quality S/TEM analysis, making the preparation method more reliable for a range of applications.

Introduction

Transmission electron microscopy (TEM) and scanning TEM (STEM) are essential tools for
atomic-scale microstructure analysis [1,2]. Aberration correction technology has greatly enhanced the
effectiveness of these analytical techniques [3—6]. Alongside advancements in the S/TEM technique,
the development of the S/TEM lamellae preparation method using a focused Ga ion beam (FIB) with
scanning electron microscopy (SEM) has enabled high-throughput, site-specific lamellae preparation
[7-10]. State-of-the-art S/TEM instruments demand high-quality lamellae. However, it is well known
that the Ga" beam induces damage to target materials [9—18]. Therefore, producing high-quality
S/TEM lamellae requires achieving sufficient thinness while minimizing FIB-induced damage.
Conventionally, FIB-SEM operators determine the endpoint of thinning based on their own experience
and skill [19-21]. Recently, automated FIB fabrication methods have been developed to provide
reproducibility, high throughput, and statistical reliability [19,21-25]. However, current automation
methods for S/TEM lamellae rely on pre-defined FIB milling recipes without incorporating thickness
measurement. Several approaches have been explored to integrate quantitative lamellae thickness
measurement into the FIB-SEM process [19,20,24,26-28]. However, ideally, thickness measurement
should be performed simultaneously with the lamellae-thinning FIB process. This study revealed the
relationship between SEM intensity behaviors and lamellae thickness, demonstrating that combining
precise thickness control with an understanding of FIB-induced damage enables a solid strategy for
producing high-quality TEM lamellae.
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Methods

A Helios 5UX FIB-SEM dual-beam system equipped with AutoScript (Thermo Fisher
Scientific) was used. Conventional Everhart-Thornley and through-the-lens detectors (ETD and TLD,
respectively) were used for SEM imaging. The retractable backscattered electron (BSE) and STEM
detectors were excluded as candidates due to their impossibility with concurrent use during the FIB
thinning process. The dependence of secondary electron (SE) and BSE intensities on different
acceleration voltages was investigated using wedge-shaped chunks of Si, Al,Os (single crystal
sapphire), and SUS304 stainless steel (Feba-Cris-20-Nis-105), as these materials represent typical
semiconductors, insulators, and metallic materials, respectively. Fig. 1a shows the top-view SEM
image of the wedge-shaped chunk. The chunk was observed cross-sectionally, confirming that its
thickness increased linearly. Wedge-shaped chunks of Si, Al>O3, and stainless steel were prepared by
FIB milling at 8 kV. Fig. 1b shows the positional relationship for SEM imaging of the chunk in this

study, with @ representing the coincidence angle of the SEM and FIB beams, 52° in the Helios SUX

system. Fig. 1¢ shows the inside of the vacuum chamber of the FIB-SEM system, along with a
schematic of the positional information of the detectors (ETD and TLD). All SEM images were
obtained with a beam current of 800 pA and a dwell time of 3 ps. Since this work aims to measure
lamellae thickness during the FIB thinning, the reason for choosing these values is as follows. In
general, a lower beam current or a shorter dwell time makes the SEM image quality poor since the
number of emitted electrons decreases, and a higher beam current degrades spatial resolution due to
its larger beam spot size [29,30]. If a longer dwell time is adopted; it may cause the specimen to drift
during the FIB thinning process. Electrons with energies below 50 eV were classified as SEs, while
those with energies above 50 eV were referred to as BSEs [29,30]. The incident of the primary electron
beam with the sample produced various signals, including both SEs and BSEs. The interaction volume
of induced electrons was called the "electron range". SEs escaped from surface regions within a few
to tens of nanometers, while BSEs were emitted from deeper within the material, typically ranging
from several hundred nanometers to a few micrometers [29,30]. The ETD is classified as an “out-lens”
or “in-chamber” type detectors due to its positioning, and it is commonly used for collecting SEs. In
contrast, the TLD was located within the SEM column (Fig. 1c¢ and 2), making it an “in-lens” type
detector that collects both SEs and BSEs. In the Helios SUX system, the TLD could be operated with
or without a magnetic immersion lens, as shown in Fig. 2. When in the magnetic immersion lens mode,
the sample was immersed in the magnetic lens, allowing the TLD to collect electrons emitted from
both the upper and lower surfaces of the sample, which is a capability that differs from the field-free
mode. A Java Monte Carlo simulation for SEs (JMONSEL) was used to analyze these three materials
at different accelerating voltages to interpret the underlying mechanisms of lamellae thickness
measurement using SEM imaging [31]. This simulator was based on Monte Carlo modeling of inelastic
or elastic scattering processes occurring in the bulk as a result of the interaction between the incident
electron beam and material [32]. Detailed information on the functionality of the JIMONSEL simulator
is presented in previous studies [33,34].

Results and Discussion

Fig. 3 shows SEM images of a wedged-shaped Si chunk at different accelerating voltages,
including SE images obtained by the ETD (ETD-SE), SE images from the TLD without a magnetic
immersion lens (TLD-SE (Field-Free)), and BSE images by the TLD (TLD-BSE). The Si thickness
increased linearly from 0 to 500 nm, moving from the bottom to the top, with the top surface protected
by Pt deposition. It should be noted that the formation of 8 kV FIB-damaged amorphized layers would
affect the SEM images of extremely thinner regions below 20 nm [9,11,15,18]. SE images from the
TLD with and without the magnetic immersion lens (“TLD-SE (Immersion)”) are shown in
Supplementary Fig. 1, exhibiting trends similar to those of the ETD-SE images. Notably, the SE
intensity was enhanced in the thinner region, especially in the ETD-SE images at an accelerating
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voltage of 5 kV. In contrast, the thinner areas appeared darker in the TLD-SE (Field-Free) and TLD-
BSE (Immersion) images. All SE/BSE images obtained for Al2O3 and stainless steel at accelerating
voltages from 5 to 30 kV are presented in Supplementary Fig. 2 and 3, respectively. The “TLD-BSE
(Field-Free)” images exhibited the same trend as the TLD-BSE (Immersion) images but with
significantly lower quality due to reduced BSE collection by the detector (Supplementary Fig. 4).

Fig. 4 shows the normalized SE and BSE intensity profiles for Si, Al2O3, and stainless steel
as a function of chunk thickness at different accelerating voltages. The intensities’ line profiles were
drawn by integrating 100-pixel-width as shown in Fig. 3 using the pixel intensities (8.993 nm/pixel in
this study). Then, these profiles were normalized based on the maximum value in the thick bulk region
(~2 pm) and the minimum in the vacuum region. Note that the regions showing the edge effect were
excluded in the case of SE images. In the Si and stainless-steel cases, the intensities of ETD-SE (Fig.
4a and 4c) increased sharply at the vacuum—sample interface, followed by a gradual increase and
eventual decrease. The thickness at which the lamellae showed the brightest contrast increased with
the acceleration voltage. TLD-SE (Field-Free) (Fig. 4d and 4f) also showed a sharp increase in
intensity from the vacuum to the sample, continuing to rise but saturating at certain thicknesses. The
SE intensities for Al>O; are different from those of Si and stainless steel, likely due to its insulating
properties (Fig. 4b and 4e). In contrast, all BSE intensities increased linearly with thickness, also
saturating at a certain point (Fig. 4g—i). This trend aligned with findings from previous studies on metal
coatings [28-30,35-38] and thin lamellae in a vacuum using BSE intensity [24,27]. The SE and BSE
intensity trends for Si and stainless steel were similar in ETD-SE, TLD-SE, and TLD-BSE, with the
only difference being the thicknesses corresponding to maximum intensity in ETD-SE and saturation
thicknesses in TLD-SE (Field-Free) and TLD-BSE. Notably, the saturation thicknesses for TLD-SE
(Field-Free) and TLD-BSE were the same for both Si (Fig. 4d and 4g) and stainless steel (Fig. 4f and
4i).

The JMONSEL simulation was applied on wedge-shaped chunks arranged according to the
positional relationship depicted in Fig. 1b and 5a to elucidate the characteristic behaviors of SEs and
BSEs. In Fig. 5a, the primary electron beam is illustrated with yellow lines, while blue circles indicate
the electron range. Red lines indicate SEs emitted from the surface of the lamellae. The simulation was
used to calculate the total, upwards, and downwards SE yields, as well as the upwards and downwards
BSE yields as functions of chunk thickness, which are presented in Fig. Sb and Sc. The total SE,
referred to as “SEiol”, yield exhibited a gradual increase followed by a decrease in the thicker region.
In contrast, the upwards SE (“SEypwaras”’) yield increased with thickness and reached saturation at a
certain thickness. The simulated SEw yield was quite similar to the experimental trend of ETD-SE
(Fig. 4a), while the SEupwads yield resembled the TLD-SE (Field-Free) trend (Fig. 4d). The
experimental results for TLD-BSE aligned well with the simulated upwards BSE (“BSEupwards”) yield
(Fig. 4¢g). In contrast, the downwards BSE (“BSEgownwards”) yield consistently decreased with
increasing thickness, as the possibility of electron transmission approached 0 in the thicker region.

Fig. 6 summarizes the simulated results for SEtotl, SEupwards, and BSEupwards yields. The
electron ranges were simulated by considering the material densities (2,330 kg/m? for Si, 4,000 kg/m?
for ALO3, and 7,874 kg/m?* for Fe). Consequently, the sizes of the electron ranges followed the order:

Si> Al,Os; >Fe (Supplementary Fig. 5). With increasing acceleration voltage, the electron range also

expanded. Both the simulated BSEupwaras yield (Fig. 6g—i) and experimental TLD-BSE intensity (Fig.
4g-i) increased with good linearity, reaching saturation at a certain thickness. The BSE yield was
influenced by the part of the electron interaction volume within the lamellae, which is shown as the
blue region in Fig. 5a. Therefore, it could be concluded that the BSEypwads yield had a linear
relationship with the lamellae thickness, transitioning to saturation once the lamellae thickness
exceeded the electron interaction volume. In both experimental (Fig. 4) and simulation results (Fig. 6),

the saturation thicknesses followed the same order: Si> Al,Os; > Fe, corresponding to the electron
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range order (Supplementary Fig. 6). The electron range increased with the accelerating voltage,
leading to a corresponding increase in saturation thickness.

The BSEupwards was mainly detected by the TLD because the detector was positioned above
the sample, allowing BSEs, which have higher energies and travel in straight paths, to be collected
efficiently. This simple and linear behavior of the BSEupwards intensity facilitated the lamellae thickness
measurement. In the case of SEs, the experimental ETD-SE (Fig. 4a and 4¢) and simulated SEotal
yield (Fig. 6a and 6c) exhibited similar trends, indicating that ETD mainly collected SEtar. Tian ef al.
[27] explained that the SEal intensity could be considered as the sum of three components: (1) SEs
generated by the primary electron beam, (2) SEs generated within the electron range, and (3)
downwards-emitted SEs (SEdownwards). While SE generation from the primary electron beam remained
constant, SEs generated by the electron range increased until saturation, while the SEdownwards decreased
0. The sum of these three factors resulted in the SEa1 intensity. Therefore, the saturation thicknesses
for the SEupwards yield (Fig. 6d—f) aligned with the maximum SEl yield thicknesses (Fig. 6a—c) and
the saturation points for BSEupwards (Fig. 6g—i).

Compared with experimental results, it appeared that ETD-SE mainly collected SEiowl, while
TLD-SE (Field-Free) captured SEupwards. It should be emphasized that the SE intensity did not reach
its maximum in the thinnest region, regardless of the detector used. However, deviations were observed
between the experimental and simulated results. Specifically, the simulated thicknesses corresponding
to the maximum intensity in ETD-SE and saturated points for TLD-BSE and TLD-SE (Field-Free)
were 1.5 to 3 times larger than the experimental results. To compare the simulated predictions with the
experimental results, it was crucial to consider the acceptances of SEs and BSEs by the detectors.

The trajectories of BSEs were nearly straight due to their high energies, which meant that the
acceptance of BSE detectors was proportional to the number of released BSEs. Consequently, our
simulation results were in good agreement with the features in the experimental data. In contrast, SE
trajectories were easily influenced by electric fields, making the estimation of SE acceptance difficult.
As a result, the deviations between the experimental and simulated SE results were larger than those
of the BSEs.

Currently, experimental results serve as the most reliable reference for assessing the S/TEM
lamellae thicknesses. This reliability is due to the ongoing advancements by FIB-SEM companies in
detector technology, resulting in complexities regarding SE and BSE acceptances. This study
confirmed that lamellae thickness measurement using TLD-BSE (BSEuypwards) 1s suitable for a wide
range of materials by using their linearity with the appropriate accelerating SEM voltage.

Concluding Remarks

In summary, our experimental and simulation investigation demonstrated that only the
intensity of the BSEupwaras could be reliably used to determine lamellae thickness for a wide range of
materials, including insulators. However, the behavior of SE intensity was strongly affected by
material properties or detector selection, making it difficult to use for quantitative thickness control.
Conventionally, S/TEM lamellae preparation recipes were defined solely by FIB parameters. However,
the ability to measure lamellae thickness simultaneously and accurately allowed us to incorporate
thickness parameters into the thinning recipe, leading to higher-quality and reliable S/TEM analyses.
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Figure 1. (a) Top-view scanning electron microscopy (SEM) image of the wedge-shaped chunk with
a schematic illustrating primary electron scanning. (b) Schematic of the positional relationship for
SEM imaging of the wedge-shaped chunk, which is consistent with the relationship used in scanning
transmission electron microscopy (S/TEM) lamella preparation. (¢) The vacuum chamber of the
focused ion beam (FIB)-SEM system showing the positional information of the Everhart-Thornley
and through-the-lens detectors (ETD and TLD, respectively).
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Figure 2. Schematic illustrating the “Field-Free” and “Magnetic Immersion Lens” modes of the
TLD.
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Figure 3. Secondary electron (SE) images captured by the ETD (“ETD-SE”), SE images from the
TLD without the magnetic immersion lens (“TLD-SE (Field-Free)”), and backscattered electron
(BSE) images from the TLD (“TLD-BSE”) at accelerating voltages of 5, 10, and 15 kV.



Figure 4
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Figure 4. Normalized SE and BSE intensity profiles for Si, Al2O3, and stainless-steel chunks as a
function of thickness (0—300 nm) at varying accelerating voltages (5, 10, and 15 kV).
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Figure 5

. BSE |

| upwards‘”

SEupwards i

i
|
!

BSEdownwards

Electron Beam
|

b SE i 5k
@ Total SE

A Upwards SE

Simulated SE Yield

VDownwarqls SE

0 100 200
Thickness (nm)

¢ BSE si:5kv)

™

| WDownwards BSE
I AN

A Upwards BSE

: Tﬁ?ckness (;:')I) ”

300

=
o

o
I

S Edownwards

Simulated BSE Yield
=] o
e (=]

e
)

o
o

Figure 5. (a) Schematic illustrating SE and BSE emission from a wedge-shaped specimen. (b)
Simulated total and upwards SE yields, and (c¢) upwards and bottomwards BSE yields for the Si

wedge-shaped specimen at 5 kV.
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Figure 6
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Figure 6. Simulated yields of the SEiotal, SEupwards, and BSEupwards for Si, Al20O3, and Fe at
accelerating voltages of 5, 10, and 15 kV.
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Supplementary Figure 1
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Supplementary Figure 1. Secondary and backscattered electron (SE and BSE, respectively) images
of an Si wedge-shaped chunk at accelerating voltages of 5 to 30 kV.
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Supplementary Figure 2
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Supplementary Figure 2. SE and BSE images of an Al,03 wedge-shaped chunk at accelerating
voltages of 5 to 30 kV.



Supplementary Figure 3
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Supplementary Figure 3. SE and BSE images of a stainless-steel wedge-shaped chunk at
accelerating voltages of 5 to 30 k'V.
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Supplementary Figure 4
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Supplementary Figure 4. (a, b) BSE images of Si wedge-shaped chunk captured by a through-the-
lens detector (TLD) (a) with and (b) without a magnetic immersion lens (“TLD-BSE (Immersion)”
and “TLD-BSE (Field-Free)”) at 5 kV. (¢) Normalized BSE intensity profiles as a function of the
chunk thickness.
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Supplementary Figure 5

Supplementary Figure 5. Simulation results for the interaction of a primary electron beam with
bulk Si, Al>O3, and Fe. The green lines indicate the electron ranges, illustrating the tragedies of

electron interactions, with interaction volumes ordered as Si> Al,O3; > Fe for the same acceleration

voltage. The black lines indicate the emitted electrons from the surface. As the acceleration voltage
increases, the electron range also expands. The SE escape depths at 5 kV are 40 nm for Si, 75 nm for
Al>O3, and 6.5 nm for Fe.
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Supplementary Figure 6
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Supplementary Figure 6. Dependence of SEM intensity as a function of the materials’ density at 5
kV. IMONSEL simulation results for the thicknesses of maximum SEal, saturation point of
SEupwards, and BSEypwards are plotted by black-colored squares. Red-colored circles indicate the
experimental thicknesses of ETD-SE intensities become the maximum and blue-colored triangles
show the points of TLD-BSE intensities are saturated. The JMONSEL results and BSE saturation
points show similar trends. The large deviation of the experimental ETD-SE result of Al>O3 is
considered due to its insulating properties.

18



