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Abstract

Nowadays, a focused Ga ion beam (FIB) with a scanning electron microscopy (SEM)
system has been widely used to prepare the thin-foil sample for transmission electron
microscopy (TEM) or scanning TEM (STEM) observation. An establishment of a solid strategy
for a reproducible high-quality sample preparation process is essential to carry out high-quality
(S)TEM analysis. In this work, the FIB damages introduced by Ga® beam were investigated
both experimentally and stopping and range of ions in matter (SRIM) simulation for silicon (Si),
gallium nitride (GaN), indium phosphide (InP), and gallium arsenide (GaAs) semiconductors.
It has been revealed that experimental investigations of the FIB-induced damage are in good
agreement with SRIM simulation by defining the damage as not only “amorphization” but also
“crystal distortion”. The systematic evaluation of FIB damages shown in this paper should be

indispensable guidance for reliable (S)TEM sample preparation.
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Introduction

Transmission electron microscopy (TEM) or scanning TEM (STEM) is the major
technique to investigate materials and devices on the atomic scale [1, 2]. The invention of
spherical aberration (Cs) corrected (S)TEM in the late 1990s to 2000s contributed to the
technique becoming a much more powerful tool for microstructural analyses [3-7]. An
introduction and establishment of the TEM sample preparation method using a focused Ga ion
beam (FIB) with a scanning electron microscopy (SEM) system have made a great impact on
site-specific cross-sectional and plan-view TEM sample preparation [8-14]. In recent years,
several automated FIB fabrications have been also demonstrated and are under development
for reproducible, high throughput, and statistical research work [15-21]. The “AutoTEMS5”
program developed by Thermo Fisher Scientific enables fully automated lift-out and thinning
processes by pre-defined FIB fabrication parameters [ 18, 19]. CarlZeiss has also developed
“SmartEPD (end-point-detection)” program on CrossBeam FIB-SEM systems to judge the end
point of FIB fabrication [16]. On the other hand, Cs-corrected (S)TEM instrument seriously
requires a uniform thin-foil (S)TEM sample (hereafter, we will refer to just “TEM sample”)
with minimized FIB-induced damage. However, it is well known that the FIB, Ga" beam,
induces damage into the materials, destroying the crystal structures and making them
amorphous [10, 11]. A low keV FIB milling is known to be effective in reducing FIB damage
[11,22-28]. Thus, a higher keV FIB milling is generally selected in the beginning, and then low
keV beams are used for the final thinning process. In the several steps of the FIB thinning
process, it is key to understand how much damage is introduced by the chosen FIB beam
condition at each step regardless of cross-sectional or plan-view samples. Also in automated
sample preparation, the selection of pre-defined FIB milling conditions determines the quality

of the sample. Thus, it should be time to evaluate the FIB damage systematically to improve



the reproducibility and reliability of TEM sample preparation. This work focuses on the
experimental investigation of the FIB-induced damage with a comparison of previous reports,
and the discussion between experimental results and the simulation. The systematic evaluation
of FIB damage leads to the development of a solid strategy for a reproducible high-quality TEM

sample preparation process.

Methods and Materials

A FIB-SEM dual beam system, Helios SUX (Thermo Fisher Scientific), was used in
the experiment. The evaluation of FIB damage, in other words, the FIB-damaged layer
formed on the sample’s side surface was investigated by Titan G2 80-200 (7Thermo Fisher
Scientific) at 200 keV. The scheme of how to evaluate the thickness of FIB damage is the
same or similar method used in previous studies [11, 22, 24-29]. The side wall surface of the
target material was milled by FIB first, then the damaged surface was capped with Pt electron
beam deposition, followed by a thinning process to the TEM sample. The FIB beams of 30
keV: 90 pA, 8 keV: 61 pA, 5 keV: 63 pA, and 2 keV: 66 pA were used to fabricate the side
walls. By the cross-sectional (S)TEM observation, the FIB-damaged layer is investigated
experimentally. In addition to the experimental evaluation, the Ga ion implantation (I/T) depth
can be simulated by stopping and range of ions in matter (SRIM) programs developed by
Ziegler [30, 31]. The SRIM can calculate the interaction between the implanted ion and the
target material [31]. In this study, the simulation results at Ga" ion accelerating voltages of 30
keV, 8 keV, 5 keV, and 2 keV were calculated. The incident angle of Ga ions was set as 89.5
degrees, close to the actual FIB thinning process. In this way, the dependence between Ga I/1
and its accelerating voltage can be simulated by the SRIM program [31]. As target materials,

Si (a widely used semiconductor), indium phosphide (InP; commonly used semiconductor as



a substrate for laser applications), gallium nitride (GaN; a promising candidate for the next-
generation power devices), and gallium arsenide (GaAs; a semiconductor used in the

integrated circuits) were selected and evaluated in this study.

Experimental Results

Figure 1(a) shows a schematic workflow of how to evaluate FIB-induced damage, a
detailed method can be found in previous reports [ 11, 22, 24-29]. The cross-sectional low-angle
annular dark-field (LAADF-) STEM image of the 30 keV FIB damage on the Si is shown in
Fig. 1(b). As confirmed by nano-beam electron diffraction (NBD) analysis as shown in Fig.
1(¢), the amorphous layer of ~22 nm was formed on the surface by FIB. Fig. 1(d) shows the
Ga compositional profile obtained by STEM-EDS (red-colored dotted line) and the intensity
profile of the LAADF-STEM image (black-colored line, obtained from integrating multiple
lines with approximately 200 pm width, see Suppl Fig. 1) as a function of the depth. Note that
the EDS line profile was calculated by 50-nm-width integration. The Ga compositionis 0.5 ~
2.0 at% up to ~12 nm and then gradually decreases in the depth direction. When the Ga
concentration increases above a certain value, it seems that amorphization occurs. As seen in
the intensity profile of the STEM image, a periodicity started to be recognized from ~22 nm
depth, indicating Si remained as a crystal structure. It should be noted that a brighter contrast
appeared from ~22 to ~29 nm depth in the crystal region as indicated by blue-colored arrows
in Fig. 1(b) and (d). There is no compositional change, i.e., Ga increase, at the region with the
brighter contrast. This brighter contrast in the crystal region will be discussed later.

Figure 2(a) shows the LAADF-STEM images with different accelerating FIB voltages,
and Fig. 2(b) shows the intensity profiles of the STEM image as a function of the depth. The

amorphized layer thicknesses are ~22 nm (30 keV), ~7 nm (8 keV), ~4 nm (5 keV), and ~1 nm



(2 keV), respectively. These values are plotted in Fig. 2(b) as red-colored circles, also showing
values reported in previous studies [10, 22, 24, 26, 28]. The thicknesses of the amorphous layer
are slightly region-dependent; therefore, the error bars are drawn by the maximum and
minimum depths. Figures shown later also contain error bars in the same way. Although FIB
systems are different from each other, all the results are consistent. This means that our
experimental method can well reproduce previous studies. This fact confirms the report by Kato
et al. [26], that is, the FIB-damaged amorphous thickness is changed by accelerating voltage
irrespective of the beam current.

There are several reports on FIB damage on Si, however, few studies can be found for
other materials to the best of our knowledge. Thus, some other materials were investigated by
using the same method. Figure 3 shows LAADF-STEM images of GaN, InP, and GaAs and
the amorphization depths. Note that the left side in all the images is the side surface milled by
FIB. As the same as the Si case, amorphous layers were recognized in STEM images for all the
materials and voltages. In addition to amorphization, brighter contrasts in the crystal region
were also observed as the same as Si. Thicknesses of amorphous are summarized in Fig. 3(d)-
(f) with previous reports [25, 29]. The GaN results are much smaller than the previous report
by Sato et al. [29] because they defined the FIB damage based on the diffraction contrast in the
bright-field TEM images not from amorphous thickness.

The simulated depth of Ga I/I for Si, GaN, InP, and GaAs with different accelerating
FIB voltages are plotted in Figure 4 [31]. Fig. 4(a) shows a schematic inthe case of the Ga* of
8 keV being implanted into Si. The black dot lines indicate Ga I/I trajectories in the Si bulk.
From the simulated stopping position of implanted Ga*, Ga" distribution as a function of the
depth direction can be plotted as indicated by the red-colored histogram in Fig. 4(b). Although

only 300 ions are shown in Fig. 4(a) and (b) for better visualization, 10,000 ions were simulated



in the calculation for Fig. 4(c)-(f). The values in the parentheses written at each voltage indicate
the depth of Ga I/I. The Ga I/I depth is defined as the depth of 99% of ions implanted into the

material here.

Discussions

Comparing Fig. 2, 3, and 4, the amorphous thicknesses caused by FIB are in good
agreement in the Si case; however, these values for GaN, InP, and GaAs always show much
lower values than the Ga I/ depth. The FIB damage has been mainly defined and investigated
as amorphization conventionally; however, we should not treat the FIB damage only as
“amorphization”. As mentioned earlier, Sato et al. reported the FIB damage as the diffraction
contrast in the TEM image, indicating the crystal distortion [29]. Whereas high-angle ADF
(HAADF)-STEM images are sensitive to atomic number Z, the contrast of LAADF-STEM
images used in this work is also affected by crystal distortions [32]. By using the contrast of the
LAADF-STEM imaging technique, the visualization of GaN crystal distortion has been
reported [33]. Thus, the brighter contrasts in the LAADF-STEM images near the
amorphous/crystal interfaces as indicated by blue-colored arrows in Fig. 1(b) and (d) should
be considered as a part of FIB damage. As seen in Fig. 2 and Fig. 3, brighter contrasts are
always observed for all the materials even at the lower keV FIB fabrications. The intensity
profiles of LAADF-STEM images of GaN, InP, and GaAs were also plotted in the same way as
the Si case (Suppl Fig. 2). If including the thickness of the bright contrast in addition to the
amorphous layer, the results become as shown in Figure 5 [10, 22, 24-26, 28, 29, 31]. These
values (red-colored stars) are in good agreement with Ga I/I depth (black-colored squares)
calculated by SRIM. Thus, it should be concluded that “FIB damage” consists of

“amorphization” and “crystal distortion” layers. The crystal distortion can be caused by the



atom displacements or vacancy formations by Ga I/I. The ratios of (amorphous thickness)/(total
FIB damage, that is, the total thickness of amorphous and crystal distortion regions) at 30 keV
are ~75% (Si1), ~13% (GaN), ~67% (InP), and ~68% (GaAs). The amount of Ga I/I would be
varied by FIB milling yield, and the underlying amorphization mechanism should be related to
the crystal stability against the Ga I/I and the temperature increase caused by FIB, and so on;
thus, further consideration is required for understanding these differences. The cryo-stage FIB
system may help in understanding whether the Ga I/l induced heating has an effect or not on
the amorphization at least, but it’s future work.

The FIB is a powerful technique for preparing TEM samples in a wide range of
materials. To prepare a high-quality TEM sample, the FIB damage should be minimized.
Without the knowledge of the FIB damage, the TEM sample preparation would be groping in
the dark. The SRIM simulation would give operators a useful prediction for the damage
thickness induced by the Ga* beam, leading to a solid strategy for high-quality TEM sample
preparation. Also, for the development of automated sample preparation, the selection of pre-
defined FIB beams will deeply determine the sample quality. If we add a few, the
microfabrication by using an Xe plasma FIB system has been recently developed, and Xe-
induced damage is smaller by experimental reports and SRIM simulation [28, 29]. The low keV
Ar ion milling is also reported effective in removing the FIB-induced damages [25, 29, 34], for
this purpose, the FIB-SEM-Ar triple beam system has been commercialized by Hitachi High-
Tech [29]. We should carefully select suitable preparation techniques depending on the purpose

of (S)TEM investigations.

Conclusion

In summary, we systematically evaluated the damages induced by FIB for Si, GaN,



InP, and GaAs. Conventionally, FIB-induced damage has been mainly evaluated from the
viewpoint of amorphized thickness. In this work, cross-sectional LAADF-STEM observation
on the FIB milled surfaces has revealed that “FIB damage” is not only “amorphization” but also
“crystal distortion” caused by Ga I/I. The systematic study of the FIB damage is a great guide
for the establishment of a solid strategy to prepare the high-quality TEM sample. Especially for
the ultra-thin TEM samples, the FIB damage critically influences cutting-edge (S)TEM
investigations. Furthermore, the optimized procedure to prepare TEM samples will strongly

contribute to improving the reproducibility and reliability of (S)TEM analyses themselves.
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Figure 1. (a) Schematic workflow of how to evaluate FIB damage. Milling the material by
Ga" beam, capping the FIB damaged surface (indicated by green color) with Pt electron beam
deposition (indicated by orange color), and then thinning to TEM sample. Observing the
damage by the TEM technique. (b) Cross-sectional LAADF-STEM image of 30 keV FIB
milled surface of Si crystal. (¢) NBD patterns of the amorphous layer and Si crystal. (d) The
Ga compositional profile obtained by STEM-EDS (red-colored dotted line) and the intensity

profile of the LAADF-STEM image (black-colored line) as a function of the depth.



Figure 2
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Figure 2. (a) Cross-sectional LAADF-STEM images of Si’s side wall surface after FIB
millingat 8, 5, and 2 keV. (b) The intensity profiles of the LAADF-STEM image as a function
of the depth. (c¢) The amorphous layer thicknesses in Si with different accelerating FIB

voltages. Previous studies are also plotted in the figure [10, 22, 24, 26, 28].
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Figure 3
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Figure 3. Cross-sectional LAADF-STEM images of the side wall surface milled by FIB with
different accelerating voltages for (a) GaN, (b) InP, and (c) GaAs. Note that the side wall
surface is the left side in all the images. The amorphized depths for (d) GaN, (e) InP, and (f)
GaAs [25, 29]. Note that a previous study on GaN by Sato et al. reported the thicknesses of

crystal distortion [29].
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Figure 4
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Figure 4. (a) Schematic of SRIM simulation in the case of the Ga* of 8 keV being implanted
into silicon (Si). The black dot lines indicate trajectories of implanted Ga ions into the Si. (b)
Ga ions count as a function of the implanted depth is plotted by a red-colored histogram. Both
images of (a) and (b) were generated SRIM program [31], and arranged for better
visualization by the authors. The calculated depth distribution of 10,000 implanted Ga™ for (c)
Si, (d) GaN, (e) InP, and (f) GaAs with different accelerating voltages. The depth of Ga I/ is
defined as the depth that 99% of ions implanted into the material and the counts are calculated

with 1 nm steps here.
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Figure 5
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Figure 5. FIB damage thicknesses as defined as the total of amorphization and crystal-
distortion, (red-colored stars), the Ga I/I depths by SRIM simulation (black-colored squares)

for (a) Si, (b) GaN, (c¢) InP, and (d) GaAs [10, 22, 24-26, 28, 29, 31].
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