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Abstract

The automatization of the atom probe tomography (APT) tip preparation using a focused ion
beam (FIB) with a scanning electron microscopy (SEM) dual-beam system will certainly contribute to
systematic APT research with higher throughput and reliability. While our previous work established
a method to prepare tips with a specified tip curvature and taper angle automatically by using script-
controlled FIB/SEM, the technique has been expanded to automated “site-specific” tip preparation in
the current work. The improved procedure can automatically detect not only the tip shape but also the
interface position in the tip, thus, the new function allows for control of the tip apex position, in other
words, automated “site-specific” tip preparations are possible. The details of the automation procedure
and some experimental demonstrations, i.e., Pt cap on Si, InGaN-based MQWs, and p-n junction of

GaAs, are presented.
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Introduction

Atom probe tomography (APT) has the unique ability to visualize the 3D atomic distribution
in materials and devices (Miller, 2000; Gault et al., 2012; Cerezo et al., 1988; Blavette, 1993). The
technique has a sub-nanometer spatial resolution and single-atom detectability; therefore, it has
become a powerful tool for atomistic microstructural characterization. However, it requires a sharp
needle-like specimen (tip) so that a high electric field can be generated at the specimen surface. Earlier,
APT tips were prepared using electropolishing; however, the development of a tip preparation method
using a focused ion beam (FIB) with scanning electron microscopy (SEM) system enabled site-specific
APT analysis of broad ranges of materials possible (Larson et al., 1999; Miller et al., 2005; Sazey et
al., 2007; Miller et al., 2007; Hono et al., 2011; Sasaki et al., 2022; McCarroll et al., 2022;
Rodenkirchen et al., 2022). However, the tip shapes, such as the radius of the apex angle, prepared by
FIB/SEM vary depending on the operator's skills. While the latest commercial APT instruments allow
strict control of analysis conditions, the variations in tip shapes still strongly influence the volume of
analysis and mass resolution of APT (Cerezo et al., 2007; Arnoldi et al., 2012; Uzuhashi et al., 2023).
These previous studies have reported that APT measurement in laser pulsing mode causes a mass tail,
and the tip shape influences the magnitude of the mass tail, e.g., mass resolution. Therefore, it has been
strongly desired to develop a method to automatically prepare tips with a specified shape reproducibly.

In recent years, script-controlled FIB/SEM systems have been commercialized, and several
examples of automated TEM specimen fabrications have been demonstrated (Volkenandt et al., 2017;
Leer et al., 2018; Dutkal et al., 2019). In contrast to the conventional method that depends on the skill
of the FIB/SEM operator and the experiment, the automated TEM specimen preparation results in
reproducibility, high throughput, and statistical research work. Since it is known that the tip shape for
APT analysis in the laser pulsing mode strongly affects the mass resolution (Cerezo et al., 2007;
Arnoldi et al., 2012), we developed a method to fabricate tips in a specified shape automatically using
a script-controlled FIB/SEM system (Uzuhashi et al., 2023). In our previous work, we systematically
evaluated the tip shape influence on the APT data quality and have revealed that the tip shape is also
one of the essential parameters in laser pulsing mode not only analysis condition (Uzuhashi et al.,
2023). The current work has extended the automated tip preparation technique to “site-specific”. Here
we report the procedure of the site-specific automated tip preparation method and some examples of
the applications to APT analysis of multi-layer semiconductor devices.

Experimental Methods
A FIB/SEM system, Thermo Fisher Scientific Helios SUX, was used to prepare APT tips

automatically. The instrument is equipped with an "AutoScript 4" that can control the FIB/SEM
system with a Python-based scripting language. In addition to the standard Python 3.6 library, the
following open-source Python libraries were used in our scripting; ConfigObj 5.0.6 for reading and
writing of configuration files, NumPy 1.15.4 for the mathematical algorithm, tifffile 2020.9.3 for
reading image and metadata, Pillow 5.2.0 for opening and saving images, scipy 1.2.1 and openCV
4.0.1 for image processing, and the further information can be found in our previous paper (Uzuhashi
et al., 2023). APT measurements were carried out using CAMECA LEAP5000XS with 500 kHz UV
laser pulsing mode at a base temperature of 30 K.

The Si needle with a Pt cap was used as the target material, for a simplified system. In addition,
the InGaN-based multi-quantum wells (MQWs) and the p-n junction of GaAs semiconductors were
selected to demonstrate practical APT examples. The structure of InGaN-based MQWs is as GaN top



layer (150 nm) / [InGaN (3 nm) / GaN (10nm)]s / GaN substrate. The GaAs sample consists of p-
type GaAs doped with Zn (1000 nm) and n-type GaAs doped with Si (1000 nm), the details of which
can be found in the previous paper (Sasaki et al., 2014).

Experimental Results and Discussion

Figure 1 shows a schematic of an automated APT specimen fabrication method using a script-
controlled FIB/SEM system. When the Python-based program is executed on the FIB/SEM machine,
the FIB process starts to fabricate a tip. The tip shape is monitored by SEM imaging, and the result
gives feedback to the FIB milling process. The uniqueness of this work is that the automation
process is controlled not only by the pre-defined FIB fabrication process, i.e., milling pattern and
fabrication time, but also by monitoring the tip shape through the SEM image. This procedure leads
to a more reproducible tip fabrication with a specified shape.
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Figure 1. Schematic of an automated tip fabrication using a script-controllable FIB/SEM system. Run the Python-
based program on a script-controllable FIB/SEM, then repeat tip shape monitoring using an SEM image and active
feedback FIB fabrication until the tip has the desired shape.

The tip shape is defined by the radius of curvature and the shank angle as shown in Fig. 2(a).
Details of the tip shape definition are described in our previous paper (Uzuhashi et al., 2023), and the
boundary extraction method called "canny edge detection" was applied to the SEM image to monitor
the shape (Basu, 2002). A new function for monitoring the interface position has been implemented
in this work as shown in Fig. 2(b). A back-scattered electron (BSE) image in the immersion mode
with a through-the-lens detector (TLD) is applied here instead of a secondary electron (SE) image
because the BSE image shows the z contrast which enables the distinction of the interface. The tip
shown in Fig. 2(b) is the Si needle with a Pt cap observed by the TLD-BSE detector. The position of
the interface can be identified based on the contrast change. The intensity is minimized in a vacuum
region, and is brightest at the Pt cap and intermediate (gray) at the Si needle in the TLD-BSE image.
It should be noted that the position of the interface in the core region of the tip should be higher than

the interface observed in the SEM image by Tinterface Xtan(90 — ) nm as shown in Fig. 2(b), where 0 is

the coincidence angle of FIB and SEM beam. For the Thermo Fischer Scientific Helios SUX, 6 is 52
degrees. This allows the program to automatically monitor the tip shape and find the interface
position.
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Figure 2. Definition of tip shape. (a) Schematic of the tip shape defined by the radius of curvature and the shank
angle. (b) A typical TLD-BSE image of the Pt-capped Si needle during the FIB sharpening process. The
coincidence angle 6 of FIB and SEM should be considered to determine the interface position.

In our previous study, we prepared tips with different shapes, and their influence on the APT
results was studied (Uzuhashi et al., 2023). In this work, the tip shape is fixed since the aim of this
work was the addition of a “site-specific” tip preparation function to the previously reported
automated tip preparation method. The pre-defined FIB fabrication conditions and the tip shape
parameters are shown in Table 1. In general, the contrast of the interface in an SEM image becomes
weaker if the tip diameter becomes smaller; therefore, we set up the program so that the position of
the interface can be registered at the end of the 30 keV FIB process. By using the registered interface
position, the program can precisely control the position of the tip apex in the low keV cleaning
process. In addition, it allows the program to set the negative values acceptable not only positive
values since the minus value is also necessary if the protective cap needs to be removed.

Step FIB Donut-shaped Mask Tip Shape Parameters
Voltage Current Outer Inner Radius |Shank angle| Interface Position
& (nm) (nm) (nm) (degrees) (nm)

1 4000 1200 <700 <30 -

2 30 keV 0.26 nA 700 <400 <25 -
3000 it

3 200 <100 <15 # The- position

registered.
4 5keV 63 pA 1500 0 <75 <15 < # Target Position

Table 1. Pre-defined FIB fabrication conditions and the tip shape parameters for the automatic tip preparation. Note
that the target interface position can be set from positive values to negative ones according to the APT purpose.

Figure 3 shows the demonstration of site-specific automated tip preparation by monitoring
the tip radius of curvature, the shank angle, and the remaining Pt cap height. Here, the target Pt
height was intentionally set as negative 400 nm to show how our program monitors the tip shape.
Fig. 3(a) shows the tip radius, shank angle, and the remaining Pt height as a function of FIB
fabrication duration. The program monitors these values in real-time, which gives active feedback to
FIB fabrication. Since the height of the remaining Pt cap is also monitored, the program can stop the



FIB fabrication according to the target height. The TLD-BSE images at the locations marked with
red color in Fig. 3(a) as (b)~(d) are shown in Fig. 3(b)~(d). The Pt can be observed as the brighter
contrast due to the z contrast in the BSE image. Before the low keV cleaning step, the interface
position is pre-registered in Fig. 3(b). The tips with Pt height of positive 54 nm and negative 250 nm
are shown in Fig. 3(c) and (d). The tip radius, shank angle, and remaining Pt cap height can be
successfully monitored in Fig. 3. The endpoint values of the low keV FIB process should be set
according to the purpose of the APT analysis. This procedure automatically terminates the FIB
milling at the desired tip apex position regardless of the target materials in principle, because the
termination is decided only by the SEM image recognition. Here, it should be noted that the
precision of tip monitoring would be improved if the SEM images were obtained more frequently
with higher SEM resolutions; however, it may cause the tip drift problem due to the longer
processing time, i.e., there is a tradeoff between the precision of monitoring the tip and the tip drift
problem.
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Figure 3. Demonstration of how the automated tip preparation program works. (a) Monitored tip radius, shank
angle, and the remained Pt height as a function of FIB fabrication time. Here, the target Pt height was set as - 400
nm to show how the program works. (b) The Si tip at the end of 30 keV (step 4 in Table 1). (¢) The tip with 54 nm

Pt cap remaining. (c) The Si tip after the Pt protection is completely removed by the low keV FIB cleaning.

The next sample for the automatic “site-specific” tip preparation was InGaN/GaN MQWs,
and the schematic structure is shown in Fig. 4(a). The Ni cap has a significant role in minimizing FIB-
induced damage (Thompson et al., 2006). The FIB accelerating voltage dependence of the FIB-induced
damage can be found in previous studies (Giannuzzi et al., 2005; Giannuzzi, 2006; Mayer et al., 2007).
The Ni cap was intentionally kept at ~50 nm during the final low-voltage FIB process to minimize the



FIB-induced damage. Fig. 4(c) shows the 3D atom map obtained from the automatically prepared tip
(Fig. 4(b)). As seen, the program successfully demonstrated that the Ni protection was maintained on
the InGaN/GaN MQW sample. Thus, maintaining the protective cap can minimize the FIB damage in
the sample.
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Figure 4. The demonstration of the automatic “site-specific” tip preparation from the InGaN-based MQWs with the
Ni protection cap. (a) The schematic of the sample structure. (b) The SEM image of the prepared tip in which Ni
was intentionally kept at ~50 nm. (c¢) The obtained 3D atom map from the tip.

The p-n junction of GaAs semiconductor was also demonstrated in this work. As shown in
Fig. 5(a), the total 1000 nm Zn-doped p-GaAs is formed on the Si-doped n-GaAs. The dopant
concentration changes in the 200 nm step (Sasaki et al., 2014). Here, we focus on the p-n junction of
GaAs. In this case, the region of interest is 1000 nm deeper from the sample surface. Therefore, the tip
apex must be located near the p-n junction; however, there is no contrast change at the p-n junction in
the SEM image as shown in Fig. 5 (b). As mentioned in the Pt/Si needle case, the negative values are
also acceptable as the target value of the tip apex position. In this way, the tip from the ~700 nm depth
from the sample surface was automatically prepared as shown in Fig. 5(b). Figure 5(c) shows the
result of the APT analysis, and the 3D atom map from the region of interest was successfully obtained.
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Figure 5. The automatically prepared tip from a p-n junction of GaAs. (a) The schematic of the sample structure.
The p-n junction is located at a depth of 1,000 nm from the surface. (b) The final tip with the top ~700 nm was
removed. (c) The obtained 3D atom map of Ga, As, and Zn.

As shown in Fig. 3, 4, and 5, the “site-specific” APT tips have been successfully demonstrated
by the automation program in this work. Although the throughput of tip preparation by the current



automated program is almost the same as the manual process by skilled FIB-SEM operators, the
importance of automation is reproducible tip preparation being able to improve the reliability of APT
data. On the other hand, the samples demonstrated in this paper have relatively simple structures, and
the interface is located perfectly vertically along the tip. Practical samples would have much more
complicated structures, i.e., the interface is located diagonally, the contrast changes may be much
weaker, or grain boundaries are difficult to detect by SEM contrast. Here, although there may be others,
the following issues are considered concerns for the current automation. (1) Since the appearance of
contrast in SEM images varies depending on the target material, it is necessary to select the appropriate
SEM detector and the observing conditions. (2) There is a concern that this program may not work
properly if the target interface consists of materials with significantly different FIB milling rates. (3)
We may need to consider the specimen drift if the FIB milling rate of the target material is significantly
slow, in other words, fabrication time becomes longer. (4) In some cases of preparing the APT tip from
the different types of interfaces, i.e., vertical interface, an additional automated function to find the
optimal position of the FIB fabrication pattern is also required. From these concerns, further
improvements and studies are needed as future issues. However, the procedure and demonstrations of
the automatic technique shown in our previous report (Uzuhashi et al., 2023) and this paper will
strongly contribute to the statistical and reliable APT analysis.

Conclusion

In summary, we have established an automated method to prepare “site-specific” APT tips
with tip shape control using a script-controlled FIB/SEM system. The demonstration by using Pt
capped Si needle, InGaN-based MQWs, and p-n junction of GaAs are shown in this paper. Nowadays,
“automation laboratory” is one of the major trends in materials research since it provides benefits of
reproducibility, high-quality data acquisition, higher yields, and data-driven research. Thus, the
development of an automated APT tip preparation technique will contribute the systematic APT
research, reproducible APT analysis, and higher throughput. This script can be available upon a
reasonable request at UZUHASHI.Jun@nims.go.jp (J. Uzuhashi).
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