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Abstract

Focused ion beam lift-out has become an essential technique for fabricating small-scale specimens in atom probe
tomography (APT). By using a rotatable micromanipulator, we developed methods that can precisely extract the
regions of interest for APT samples with challenging-to-prepare geometries. Combining this function with
pre-milling and pre-tilt operations, we prepare three typically challenging APT specimens: nanoparticles,
nanowires, and thin films. This combination can effectively decrease the sample preparation time and increase the
accuracy of focused ion beam lift-out specimen preparation.
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INTRODUCTION

Focused ion beam (FIB) lift-out is commonly used for the fabrication of the tiny samples required for
high-resolution materials characterization techniques such as atom probe tomography (APT) or
transmission electron microscopy (TEM). FIB lift-out procedures generally start with the use of ion beams
to carve out a region of interest (ROI) from a bulk specimen surface in a scanning electron microscope
(SEM)"\. Then, a micromanipulator, which is usually a sharpened tungsten tip, is inserted and attached to
the ROI by using conductive deposition, enabled by a localized gas-injection system (GIS) and the
secondary electrons generated from the incident electron beam or ion beam. After attachment, the
micromanipulator is withdrawn, lifting out an ROI that includes features of interest, such as second phases,
interfaces, or grain boundaries. After lift-out, the sample segment is attached to a sample carrier configured
specifically for the subsequent microscopy analysis, such as a TEM grid or an APT pre-sharpened post"~.
Finally, the sample segment is ion-milled into the geometry required for analyses by the particular
microscopy technique'®..

APT is a powerful technique that can provide quantitative analysis with both high spatial and chemical
resolutions”. An APT specimen is required to be an ultra-sharp tip with a diameter of hundreds of nm.
The sharp tip enables a strong electric field to be generated at its apex when a high voltage is applied. When
the generated field is large enough, field-ionization of the apex atoms ensues. This electric field is applied by
time-controlled pulsing, and the ions are detected by a device that is sensitive to both the time and position
of incoming ions. The time-of-flight of evaporated ions provides information as to their chemical identities,
and the position of the atoms on the detector allows the determination of their spatial origins via a
back-projection model™’. The ions with their chemical identities, (x, y) positions and the order of arrival
can then be reconstructed into a three-dimensional (3D) atom map that typically has a volume of up to
100 x 100 x 500 nm**, One approach is to encapsulate the small samples into a suitable bulk support which
can then be fabricated into the required APT geometry"*'*.. However, the throughput of such analysis using
conventional FIB lift-out protocols has been low because precisely aligning buried objects within the limited
field of view (FOV) of APT is not straightforward"". Also, weak bonding between the nano-objects and
encapsulation materials can lead to specimen failure when exposed to the strong electric fields required for
field ionization. As such, new protocols are needed to address challenges associated with fabrication of
robust nano-objects for APT analysis by FIB lift-out.

While gallium-sourced FIB has been in use for many years, plasma FIB is now widely employed for APT
sample preparation with its increasing success rate"*). In this work, we have used the Thermo Scientific
EasyLift nanomanipulator with in-situ rotation control, adding another degree of freedom for sample
manipulation on top of the existing 5- and 3-axial movements for the sample stage and manipulator,
respectively. Rotating the manipulator allows in-situ adjustments of specimen orientation and ion-mill
direction of lift-out bars, and this new function is useful for precisely targeting nano-objects"”. In this work,
we successfully combine this function together with pre-milling and pre-tilt to prepare three typically
challenging APT specimens: nanoparticles, nanowires, and thin films. This combination can effectively
decrease the sample preparation time and increase the accuracy of FIB lift-out specimen preparation.

MATERIALS AND METHODS

As illustrated in Figure 1, central to this work is that a rotatable manipulator allows an attached lift-out bar
to be rotated in-situ 90 degrees with respect to the original orientation, which is achieved by rotating the
manipulator 180 degrees. This maneuver requires a 45-degree pre-angled attachment of the manipulator to
the sample surface [Figure 1A], to enable a perpendicular orientation of the lift-out bar to the original
sample surface [Figure 1B]. Note that the front and back sides of the sample in Figure 1A, noted as 1 and 2,
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Figure 1. Schematic illustrations of how to change the orientation of lifted-out bar using the rotatable manipulator fitted in PFIB. The
relative orientations of manipulator and the lifted-out bar (A) before and (B) after rotation. PFIB: Plasma focused ion beam.

respectively, are reversed in Figure 1B after the rotation. In this work, a Thermo Fisher G4 Helios Hydra
plasma FIB (PFIB) was employed for sample manipulations and APT tip fabrications, and a CAMECA
LEAP4000 X Si was used for APT experiments. APT data reconstruction and analysis were performed using
the commercial software AP Suite 6.1.

This paper focuses on three different types of nanostructured materials, including nanoparticles, nanowires
and thin films. Due to the distinct dimensions and orientations of these materials, the procedures of FIB
preparations are slightly different. Information and results are therefore discussed separately in the next
section.

RESULTS AND DISCUSSION

Encapsulated nanoparticles

Encapsulating nanoparticles into tips is a feasible route for analyzing nanoparticles in APT, allowing
atomic-scale observation of the chemical heterogeneity of individual nanoparticles” > Preparing an APT
tip with encapsulated nanoparticles typically involves: (1) dispersing nanoparticles onto a flat substrate with
an adequate number density and minimum agglomeration; (2) deposition of an encapsulation coating,
ideally using the same material as the substrate to minimize aberrations in the APT reconstruction due to
the intrinsic difference between encapsulation/substrate evaporation fields""; (3) a FIB lift-out and
attachment process that allows the substrate/coating interface to be aligned along the APT analysis direction
to minimize the electrostatic force applied at the interface, which is susceptible to failure®. In this work,
two example encapsulations for calcium hydroxyapatite [Ca,(PO,),OH, HAP] nanoparticle samples were
used, one with atomic layer deposition (ALD) of alumina (AL,O,) on a substrate of the same material and
another with sputter-coated gold (Au) doped with traceable silver (Ag) on a Au substrate. Details of the
dispersion and encapsulation methods are provided™.

As shown in Figure 2A, after the dispersion and encapsulation of the nanoparticles, a 1-pm platinum (Pt)
protective layer was deposited onto the surface before the lift-out bar was attached to the manipulator. Note
that the FIB trenching configuration here is different from conventional FIB lift-out wedges to allow for a
lift-out bar that can incorporate more encapsulated layers”. Next, as shown in Figure 2B, the bar was lifted
away from the bulk sample and a pre-milling process was applied to the thinner side of the bar. After
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Figure 2. (A) Schematic illustration of lifting out a bar with encapsulated NPs; (B) Electron imaging and lon imaging of lifted-out bar
before rotating the manipulator; (C) schematic illustration showing the lifted-out wedge after 180° rotation of the manipulator; (D)
Electron and lon imaging of the lifted-out bar after rotating the manipulator for 180° and the alignment between the bar and the
pre-sharpened tungsten post for attaching. NPs: Nanoparticles.

rotating the manipulator with the lift-out bar by 180°, the encapsulation layer became parallel to the
pre-sharpened post [Figure 2C]. As shown in Figure 2D, the pre-milling facilitates the detachment of the
sample wedges, which have the milling pattern on the thick side connecting the wedge and the bar. The
combination of pre-milling and manipulator rotation effectively decreases preparation time and simplifies
the procedure.

The ALD Al O, encapsulation tip was tested in laser-pulsing mode at 50 K and 100 kHz pulse frequency
with 60 pJ laser energy, the results of which are shown in Figure 3A, which shows a 3D reconstruction of the
APT data with Al ions and 3.4 at.% isoconcentration surfaces (isosurfaces), representing the locations of the
encapsulated HAP nanoparticles. The result shows that the nanoparticle sample fabrication method has
successfully yielded multiple nanoparticles in a single APT dataset. In order to confirm that the nanoparticle
is captured at the interface, another experiment using a Au substrate and a Ag-doped Au sputter coating
was conducted in voltage-pulsing mode at 50 K, with a 200 kHz pulse frequency and 20% voltage pulse
fraction. Figure 3B is a 3D map showing Au and Ag atoms indicating the region of Ag-doped Au coating.
The Ca isosurface is attributed to the presence of a HAP nanoparticle. The combined information of the
interface location and the presence of the nanoparticle here shows that our protocol allows for the substrate/
coating interface encapsulation of a nanoparticle sample.

Encapsulated and pre-tilted nanowire

Nanowires are of great interest for advanced small-scale functional devices"**. Elemental doping in
nanowires can have an enormous influence on their electrical functionality. Hence, it is important to
understand any chemical heterogeneity induced during doping by advanced characterization techniques
such as APT"™*. Traditional free-standing nanowires have a nanoscale needle shape grown out of the
substrate a few micrometers in height, catering to the APT specimen requirements of a needle-shape
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Figure 3. APT data reconstructions of HAP nanoparticle-containing samples. (A) Global view of an Al,O, data reconstruction, showing
Al atoms (only 20% are shown for clarity) and 3.4% Ca isosurfaces that show the location of the nanoparticles; (B) Global view of a
HAP nanoparticle encapsulated in gold, showing Au (30% shown) and Ag atoms indicating the coating/matrix, as well as 2.6% Ca,
indicating the location of a single HAP nanoparticle. APT: Atom probe tomography; HAP: Hydroxyapatite.

specimen with around 100 nm apex. They can be directly measured with APT after mounting appropriately
and aligning with the APT optical axis"**". In contrast, novel planar nanowires have become increasingly
popular due to their compatibility with current planar lithographic Si processing technology. This type of
planar nanowire grows in the in-plane direction on the substrate. Encapsulation can be used to prepare
these samples for atom probe analysis""” and this approach can provide a robust specimen structure, leading

to more meaningful analyses"".

The nanowire specimen presented here is a selective area epitaxial InGaAs nanowire on a GaAs substrate
grown via mask-assisted molecular beam epitaxy, with the axial direction parallel to the substrate surface.
The outermost In segregation layer is of research interest, with a nominal thickness of ~20 nm, and the APT
was used to determine the In composition variation at the outermost layer. However, the very thin InGaAs
layer mills quickly under the FIB, and it is extremely challenging to retain the APT tip apex right at the
nanowire surface. Therefore, we developed a new strategy to prepare the tip along the nanowire axial
direction, allowing the nanowire surface to be collected in the middle of the APT dataset. The nanowire
sample was initially encapsulated in a layer of Al by using thermal evaporation. As illustrated in Figure 4A,
FIB fabrication started with Pt deposition to protect from ion beam milling. After lifting out the sample
containing the nanowire, the manipulator was then rotated 180 degrees in line with the previously described
method for aligning the axial direction of the nanowire with a 12-degree pre-tilted pre-sharpened post
[Figure 4B]. Figure 4C illustrates the orientation of the specimen from the aspect noted in Figure 4B. As
shown in the schematic in Figure 4D, this method creates an angle between the nanowire and the APT tip
after attaching the lift-out bar and then normalizing the tilt of the pre-sharpened post. Figure 4E is a SEM
image of the illustration in Figure 4D. After rough milling, the nanowire specimen can be targeted as shown
in Figure 4F. It is critical that the axial direction of the nanowire is not exactly perpendicular to the APT tip
analysis direction. If there is a coincidence between the axial directions of the nanowire and the APT
analysis direction it becomes difficult to target the nanowire during annular milling. We have found that the
inclined angle plays a significant role in enhancing the overall data yield.
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Figure 4. (A) Schematic of a lift-out bar with encapsulated nanowires; (B) Schematic showing the attachment between lifted-out
wedge (after 180° rotation of manipulator) and the pre-sharpened post (with a tilt angle of 12° into the paper); (C) The attached tip
from the viewing direction indicated in (B); (D) The orientation of the attached tip after the post tilt was normalized; (E) SEM top view
image of APT tip, showing nanowire cross-section; (F) The final tip ready for APT measurement after annular milling. The inset shows
the geometry of the specimen with half nanowire and half Al capping layer. APT: Atom probe tomography; SEM: Scanning electron
microscope.

An inclined nanowire dataset is shown in Figure 5 from a laser-pulsing APT experiment using 20 pJ laser
energy, 40 K stage temperature, and 200 kHz pulse frequency. Figure 5A is a desorption map showing the
interface between the nanowire and the Al capping layer. Figure 5B is the reconstructed 3D dataset showing
the nanowire/matrix interface and a blue ROI used to produce a one-dimensional concentration profile, as
shown in Figure 5C. Our method enables intact data collection from the nanowire surface, which offers an
opportunity to investigate the In composition in the thin outermost layer. As can be seen in the figure, both
Al and the nanowire are present, and their boundary is almost a straight line. This specimen geometry helps
to investigate the outermost region of nanowires. Due to the inhomogeneity, the nanowire and Al capping
element can have different evaporating properties, leading to trajectory aberrations. However, the current
commercial reconstruction algorithms are based on selecting only one primary element. As a result, the data
reconstruction fidelity may be influenced by the inhomogeneity structure® . It is noted that the main
factor determining the accuracy limit of the interfaces is subject to specific reconstruction methodology
employed™. In this work, TEM images of nanowire cross-sections were also used to assist with our
reconstruction. The results indicate a ~ 94% In: Ga ratio. The ability to characterize the thin surface region
of nanowires will allow the correlation of the measured composition with the performance of such
materials, leading to an optimal design of the nanomaterials and their fabrication process.

Buried thin-film superlattice

The third specimen is a multilayered thin film which is epitaxial to a ZrN buffer layer on a MgO substrate,
as illustrated in Figure 6A. The thin films have multiple periods of 7 nm/7 nm-ZrN/Sc,,,Mg,,,N metal/
semiconductor multilayer structure, and the multilayer structure is sandwiched between two ZrN buffers of
0.2 and 1 pm in thickness on the top and bottom, respectively. This material has excellent thermal and
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Figure 5. Data reconstruction of an embedded nanowire sample. (A) Desorption map highlighting the nanowire/Al capping layer

interface area; (B) reconstructed 3D tomography of nanowire; (C) Atomic concentration 1D profile across the nanowire/Al capping
layer interface. 3D: Three-dimensional; 1D: One-dimensional.
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Figure 6. (A) Schematic of the lift-out of a buried thin film; (B) Schematic of the attachment of a rotated lift-out bar with a horizontal
pre-sharpened post; (C) SEM image of (B) in the noted viewing direction before attachment; (D) SEM image showing the attachment of
a sample bar onto a rotated pre-sharpened post; (E) SEM image of a sample bar incorporating the thin film sample and the Pt
deposition. SEM: Scanning electron microscope.

electronic properties useful for thermo-/electro-energy conversion™. The doping of Mg in this material as a
p-type impurity is important for achieving desired electronic properties by tuning the Schottky barrier of
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Figure 7. Data reconstruction of a ZrN/Sc, 40Mg, ;N metal/semiconductor multilayer sample. (A) Three-dimensional ion maps of Mg,
Sc, and Zr. For clarity, only 3% of atoms of the latter two elements are shown; (B) A 5-nm ‘slice’ of data showing Sc and Zr, taken from
the middle of (A), showing the multilayer structure of this sample. The arrows indicate the location of pipe diffusion through a
dislocation.

the multilayer device that contains intrinsic n-type impurities such as oxygen. It is essential to understand
how Mg atoms are distributed in this material to optimize the heat treatment parameters in the fabrication
of the multilayer device. This information can be obtained using high-resolution elemental mapping via
APT.

In order to accurately understand the distribution of Mg within this material and to eliminate potential
inaccuracies caused by field effects”, a lift-out is required that places the deposition direction perpendicular
to the APT analysis direction, which is explained as a backside lift-out™. To achieve this backside lift-out, a
thick Pt layer of approximately 5 um is deposited on the thin ZrN capping layer. In this particular instance,
the Pt layer acts as the base of the APT specimen, as opposed to its usual function of protecting the
specimen from ion beam damage [Figure 6A and B]. Figure 6A shows the configuration of the trenched bar.
Similar to the maneuver conducted for the above two samples, the bar was rotated by 90 degrees, as shown
in Figure 6B, enabling alignment and attachment to a 90-degree pre-tilted APT tip post [Figure 6C]. Due to
the incident direction of the ion beam indicated in Figure 6C, the orientation of the specimen at this step
does not allow specimen shaping by ion beams. It is therefore necessary to first attach the entire backside
lift-out bar to the pre-sharpened post and detach the micromanipulator. The stage was then rotated by 90
degrees, the lifted-out bar re-attached to the micromanipulator, followed by the standard attachment of
individual bars to the supports, as shown in Figure 6D. As per standard protocols, each bar was then
annular milled in preparation for APT analysis [Figure 6E].

The resulting APT tip was tested in laser-pulsing mode at 60 K and 200 kHz pulse frequency with 100 p]J
laser energy, leading to the 3D reconstruction shown in Figure 7. Figure 7A contains the 3D atom maps of
Mg, Sc, and Zr, whereas Figure 7B is a two-dimensional slice from Figure 7A showing Sc and Zr. The Mg
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and Sc maps show the locations of the Sc,,,Mg,, N layers, whereas the locations of Zr-rich regions
correspond to the ZrN interlayers. In this dataset, pipe diffusion of Mg through a dislocation in this
superlattice is captured”*. This shows how the constituent elements behave during fabrication, providing
valuable insight for the future design of this type of multilayered thin film for optimal thermoelectric
performance.

CONCLUSIONS

In conclusion, we have highlighted the usefulness and versatility enabled by a rotatable manipulator in the
state-of-the-art FIB instrument. This new function directly enables flexible FIB workflows that provide
increased throughput and minimize the complexity of the FIB process. Analysis of these materials via APT
has been limited by the difficulty of previous FIB sample preparation methods. New simplified lift-out
processes will enable a greater quantity of material to be analyzed in the future, providing the capacity for
more robust analysis. We anticipate that similar protocols can be applied to research using other advanced
microscopy techniques that also involve sophisticated sample preparation.
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