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Abstract

[t is shown that the Xenon plasma focused ion beam microscope is an
excellent tool for high quality preparation of functional oxide thin films for
atomic resolution electron microscopy. Samples may be prepared rapidly, at
least as fast as those prepared using conventional gallium FIB. Moreover, the
surface quality after 2 kV final polishing with the Xe beam is exceptional with
only about 3 nm of amorphised surface present. The sample quality was of a
suitably high quality to allow atomic resolution HAADF and iDPC without any
further preparation, and the resulting images were good enough for quantitative
evaluation of atomic positions to reveal the oxygen octahedral tilt pattern. This
suggests that such Xenon plasma FIB instruments may find widespread
application in TEM and STEM specimen preparation.

Introduction

Focused ion beam (FIB) instruments have revolutionized the preparation
of site-specific specimens for (scanning) transmission electron microscopy
((S)TEM) over the last 20 years. Initially, the first generation of single gallium
beam instruments allowed easy site-specific preparation with sub-micron
precision for the first time ever, although surface damage was a problem, and
post treatment of the samples with things like low energy ion beams was
required for highest surface quality. The second generation was dual electron
and gallium ion beam instruments and these allowed reduction in surface
damage due to being able to image the sample and deposit protective layers of
amorphous Pt-C or other materials without causing ion beam damage.
Progressive improvement of such instruments has included a reduction in the
gallium beam energy allowing better final polishing, and improved
nanomanipulators for easier in-situ liftout (a number of newer versions have
been introduced by manufacturers in recent years allowing more flexible
movement, rotation of the needle, and more user-friendly control). A third
generation of FIB instruments suitable for (S)TEM specimen preparation is now
being introduced in microscopy laboratories, based on a dual beam combination
of a Xenon column and an electron column in a similar configuration to the dual
beam gallium/electron column instruments. Whilst one major use of such
instruments to date has been serial section tomography (Burnett, et al., 2016;
Daly, et al., 2017; Kelly, et al., 2016), some recent studies have demonstrated the
use of such Xe plasma FIB instruments for TEM specimen preparation (Garnier,
et al.,, 2015; Giannuzzi & Smith, 2011; Hu, et al,, 2017). This promises to bring
several major advantages to TEM specimen preparation, since the use of Gallium
ions comes with some notable downsides, including diffusing into group IV
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semiconductors (Ishitani, et al., 1998), interdiffusion and formation of non-
stoichiometric regions in I1I-V semiconductors (Rubanov & Munroe, 2005; Wu, et
al,, 2009), and diffusion along grain boundaries in Al (Unocic, et al., 2010). It may
also be the case that other more subtle chemical effects are contributing to
surface amorphisation when performing FIB preparation with Ga beams. Whilst
some previous studies have used final low-energy argon ion thinning of
specimens lifted out with Ga FIB (for example, the doped bismuth ferrite used in
two studies by the first author of this manuscript (MacLaren, et al., 2015; Yang,
et al.,, 2017)), this only solves problems where the gallium damage is at the
surface of the sample. Thus, it is going to be important to develop techniques for
performing liftout on a wide range of materials using Xe PFIB, and to analyse the
results carefully using (Scanning) Transmission Electron Microscopy. In this
respect, the recent work of (Hu, et al., 2017) liftout of hydroxyapatite on Ti-6-4
with both Ga and Xe FIB is an important early contribution, and shows some
relative advantages of the two technologies. It should also be noted that ex-situ
liftout of Xe FIB specimens has been reported by (Giannuzzi, et al., 2015),
although little TEM/STEM assessment of the results was carried out.

In this work, we report on the use of a Xenon Plasma FIB with an in-situ
nanomanipulator to lift out a thin section from a thin film of La2CoMnOs on (111)
SrTiO3, followed by the investigation of the quality of the resulting specimen
using TEM and STEM.

Experimental

A LazCoMnOe (LCMO) film was grown on a SrTiO3 (111) substrate by pulsed
laser deposition using methods detailed elsewhere (Kleibeuker, et al., 2017).
FIB preparation was performed using a Thermo Fisher Helios PFIB for Materials
Science using a standard liftout method. Firstly, Pt was deposited to protect the
area of interest using the electron beam deposition followed by Xenon beam
deposition. Trenches were cut to either side using a 30 kV Xe beam with 1.3 pA
current for 2 min on each side. A 180 nA clean was then applied to each side for
1 min, followed by a 59 nA clean to each side for a further minute. This resulted
in a specimen about 40 um wide, 25um deep and 3-5 um wide. A “J-cut” was
then made and the sample in this state is shown in Figure 1a. The sample was
then bonded to a nanomanipulator needle with platinum, and then cut away and
lifted out. It was then attached to a suitable copper support grid with Pt
deposition (Figure 1b). Polishing of a section of this liftout about 3 pm wide was
performed at 30 kV at currents of 6.7 nA, 1.8 nA and 230 pA to thin the sample
almost to the desired thickness. Final polishing was performed at 5 kV/200 pA
and 2 kV / 200 pA until the edge was clearly receding and most likely electron
transparent (Figure 1c). (Note, polishing of sections like this is common practice,
since the thicker part of the liftout provides mechanical support to the thin part,
and subsequent polishing of other parts of the section is possible later, if
desired).



Figure 1: FIB preparation in the Xenon plasma FIB: a) Sample after
trenches have been cut, the sample has been polished to 3-5 um thickness
and the J-cut has been made; b) bonding the sample to a grid; c) final
thinned specimen.

Initial Energy Filtered TEM results were obtained using a TITAN TEM/STEM
operated at 300 KV. A probe Cs corrected TITAN operated at 300 kV with 22
mrad semi-convergence angle was used for STEM imaging. In order to avoid the
beam damage, beam current was set to 25 pA, which is calibrated by built-in
Faraday cage. ADF-STEM (25-100 mrad) and the newer iDPC-STEM imaging
methods were employed simultaneously using a Fischione HAADF and a FEI 4-
quadrant detector, respectively (Lazi¢, et al., 2016; Yiicelen, et al., 2018).

Analysis of the peak positions in the atomic resolution images was performed
using the Atomap software (Nord, et al., 2017).

Results and Discussion

The sample showed a good-quality thin area, as shown in Figure 2a, which
is an EFTEM map of relative thickness, showing a large area with thickness < 100
nm (assuming the inelastic mean free path (1) is near to 100 nm) and a thin edge
just a few nm thick. This sample appears at least as good as a high quality sample
made using conventional Ga FIB liftout and low energy final thinning (see for
example the sample used in Figure 6a of (Kleibeuker, et al., 2017) which was
finished with 5 kV Ga ions). More detail of the thin edge of the sample is shown
in Figure 2b, showing that the sample is crystalline almost to the outer edge, with
about 3 nm of amorphised material at the edge, which is comparable to the best
results on oxide samples prepared using Ar ion milling or Ga FIB with 5 kV
accelerating voltage (Kleibeuker, et al., 2017; MacLaren & Richter, 2009).
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Figure 2: TEM and STEM imaging of the sample edge: a) EFTEM t/A map; b)
HAADF STEM image showing a thin edge with about 3 nm of amorphised
material.

Figure 3 shows high-resolution STEM images recorded across the
interface using standard HAADF imaging and the iDPC method with the sample
oriented along a <110>cupic direction. Both images show an excellent quality
sample with minimal surface roughness (which would show up as a modulation
in the mean intensity of each distinct column type). Additionally, the iDPC-STEM
image clearly reveals the oxygen atoms as well as the A-site Sr and La atoms and
the B-site Ti, Mn, and Co atoms. Itis clearly observed that the octahedra begin to
tilt inside the LCMO layer, this tilting building up over several layers to a value
somewhat like that expected for a well-ordered bulk LCMO material. This was
observed and quantified for this thin film previously using Gaussian peak fitting
of oxygen positions in annular bright field images (Kleibeuker, et al., 2017).
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Figure 3: a) HAADF and b) iDPC STEM images of the same area close to the
sample edge showing excellent clarity of imaging of all atomic columns including
A-site columns (La and Sr), B-site columns (Co/Mn and Ti) and O columns. More
detail is shown in the insets, and the atoms are highlighted in the overlaid model
where La - maroon, Co - blue, Mn - green, and O - orange.

The quality of the iDPC-STEM imaging is so good that the atom positions
were easy to quantify using the Atomap software (Nord, et al., 2017), which
determines atom positions by 2D Gaussian profile fitting. The results of the
analysis are then shown in Figure 4. In particular, the modulation of oxygen
spacings resulting from the octahedral tilts is shown in this figure and shows the
expected behavior (Kleibeuker, et al., 2017). This conclusively demonstrates
that this sample was of sufficient quality for quantitative atomic position
quantification.



Figure 4: Atomap analysis of atom positions from the images of Figure 3: a) atom
positions found by the software; b) octahedral tilting as a function of position
calculated from the oxygen atom positions.

It is particularly interesting to note that the sample was prepared in just 3
hours, which is similar to the total time typically taken to prepare a liftout of the
same material on an equivalent Ga FIB instrument. This was made possible by
the very fast rough milling of the FIB trenches using the high currents available
in the Xe PFIB (this is about 10 times faster than in a Gallium FIB of the same
generation), even if the final thinning is slower (as the current density for low
current beams is about 25 times lower than in an equivalent Ga FIB). It should
also be noted that no external post-FIB preparation was necessary after the 2kV
polish in the FIB. It is therefore clear that the Xe PFIB will be a powerful tool for
the preparation of ultrahigh quality TEM lamellae suitable for atomic resolution
imaging from a range of materials, including easily damaged materials like
SrTiOz and other perovskites, and should not simply be seen as a tool for three
dimensional reconstruction nor just for larger scale semiconductor processing.
Further work will be required to determine how much advantage use of Xe-beam
FIB gives to TEM/STEM specimen preparation of different classes of materials.

Conclusions

A thin film of La2CoMnOs on a (111) SrTiOz substrate was prepared for
TEM/STEM characterization using a focused ion beam liftout method using a
Xenon ion beam in a dual beam instrument. In comparison with a similar
preparation in a conventional Ga-beam FIB, the rough cut and liftout was faster,
but the final thinning was slower, due to the broader beam at low currents with
Xe. The resulting sample was found to be literally just a few nm thick at the
outside edge, with just about 3 nm of amorphised material at the outside edge.
Atomic resolution STEM imaging of this thin region using HAADF and iDPC
imaging shows excellent quality imaging with very even contrast reflecting a
very flat surface, and allowing simple automated evaluation of oxygen atom
positions and visualization of octahedral tilting using a recently developed
software package. This emphasizes that, even without any further post-finishing,



Xenon beam FIB shows excellent promise for sample preparation for the highest
spatial resolution STEM and TEM characterization of materials.
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