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Dear participant,
it is a great pleasure to welcome you at this special workshop on Focused Ion
Beam (FIB) Processing as it follows 11 highly successful workshops under the
name “D A CH FIB Arbeitskreis”. During that time, the workshop not only increased in participants, but also attracted the attention and interest of further
countries all over Europe. Responding to this natural and most welcome development, the Steering Committee felt the need to rename the “D-A-CH FIB
Arbeitskreis” into the “European Focused Ion Beam Network (EuFN)” in
order to respond to and enhance this ongoing internationalisation. By that, this
workshop is both, the 12th of this general series and the 1st with the new name
EuFN together with a new webpage (www.eu-f-n.org).
During the last decade, FIB processing has evolved from an exciting new approach into a high-end technology in the fields of site-specific preparation of
ultrathin lamellas for transmission electron microscopy, analytical 3D reconstruction, functional nanofabrication and rapid prototyping. Although these
aspects have been known at the time of their commercial introduction, the
performance in each disciplines has strongly improved and nowadays allow e.g.
the processing of critical biomaterial, the access to real nanoscale information
in 3D space, the fabrication and modification of nanostructures on the lowest
nanoscale and provides enormous flexibility as it has increasingly expanded by
new approaches, techniques and procedures. A closer look on the program
goes along with this impression as the contributions are clearly oriented towards new ion beam instrumentation and advanced in situ analyses / modification techniques as a definite future trend.
Also, we have decided to provide four thematic short-tutorials which cover
cryo-FIB sample preparation, advanced FIB processing in general, analytical 3D
reconstruction, and the direct-write fabrication of complex, freestanding 3D
nano-structures. Each tutorial is given by specialists in the respective fields and
will not only show what is possible but also how it can be done!
The program consists of 2 invited talks, 15 contributed talks, 4 tutorials, 8 exhibitor talks, and 13 poster presentations together with more than 80 participants. A conference dinner will take place on the first evening to bring together
the community in a relaxed atmosphere to trigger long lasting scientific and
personal discussions.
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As this event is still free of charges, I want to express my particular gratitude to
our exhibitors FEI (Thermo FisherScientific), GETec Microscopy, JEOL, Kleindiek,
Nenovision, Raith, Tescan, Zeiss as well as the Graz Centre for Electron Microscopy (ZFE) and the Austrian government institution bmvit.
As chairman of this 1st EuFN Workshop, I also want to mention those colleagues
who worked in the background during the organization of this event. First, I
want to thank the EuFN board members for very constructive input throughout
the conception of this workshop. Also, I want to thank the Graz University of
Technology for providing the infrastructure. My deepest gratitude, however,
goes to Martina Dienstleder, Stefanie Gissing, Selina Haingartner, Sabine Mitterbacher, Sebastian Rauch, Jürgen Sattelkow, Ulrike Stürzenbecher and Margit Wallner as they acted in the background in order to make this meeting as
smooth as possible - without your helping hands and ideas many things would
have been way more difficult.
On behalf of the entire team, we wish you a few relaxing days in Graz, an interesting workshop and inspiring discussion with colleagues and friends!

Harald Plank
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Did you know YOUR SEM/FIB could do this ...?
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Correlative microscopy

SEM and AFM of your FIB modified structure obtained without
breaking vacuum and exposing the sample to air.

Topography, elemental and crystallographic analysis
Measure shape, composition and crystal orientation of your sample

AFM & conductivity measurements
Measure the conductivity of your FIB structure with pA and
nanometer resolution.

AFM stiffness analysis

Measure the nano-mechanical properties of your FIB-sliced structure

Example: Layer-by-layer in-situ 3D characterization by AFSEM
of the focused-electron-beam-deposited Matterhorn
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www.getec-afm.com

TEC

Your FIB-SEM for High Throughput
3D Analysis and Sample Preparation.
ZEISS Crossbeam Familie.

ZEISS Crossbeam combines the
powerful imaging and analytical
performance of a field emission
scanning electron microscope
(FE-SEM) column with the
superior processing ability of
a next-generation focused ion
beam (FIB).

Take advantage of over 20
years experience in Gemini
optics. Modular, for academic
or industrial environment and
for multi-user facility. If you’ve
set your sights on high impact
results, Crossbeam gives your
3D work that dynamic edge.

For more info please contact or visit us during the Eu-F-N 2017 Workshop:
Carl Zeiss GmbH
DI Mag. Wolfgang Schwinger
Laxenburger Strasse 2
1100 Wien

Tel.: +43 (0) 676 844 204 480
Fax: +43 (0) 1 795 18 300
mail: wolfgang.schwinger@zeiss.com
www.zeiss.at
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Invited

Secondary Ion Mass Spectrometry on the Helium
Ion Microscope: a powerful tool for high-resolution high-sensitivity nano-analytics
F. Vollnhals1, D. Dowsett1, J.-N. Audinot1, T. Wirtz1*
Advanced Instrumentation for Ion Nano-Analytics (AINA), MRT Department, Luxembourg
Institute of Science and Technology (LIST), 41 rue du Brill, L-4422 Belvaux, Luxembourg

1

corresponding author email: florian.vollnhals@list.lu

*

The Helium Ion Microscope (HIM) has become an ideal tool for imaging and nano-patterning [1]. Use of helium ions allows for resolutions of 0.5 nm in secondary electron (SE)
based imaging, while structures with sub 20 nm feature sizes may be rapidly patterned
using Ne. Yet, the analysis capability of the instrument is currently limited. At beam energies of 35 keV helium or neon ions do not lead to the emission of characteristic X-rays
from a sample, and only limited compositional information can be obtained from back
scattered helium.
In order to add nano-analytical capabilities to the HIM, we have developed a Secondary
Ion Mass Spectrometry (SIMS) system specifically designed for the Zeiss ORION NanoFab HIM [2-4]. This spectrometer allows for the analysis of sputtered material and thus
the investigation of the sample’s chemical composition. In SIMS, the typical interaction
volume between the impinging ion beam and the sample is around 10 nm in the lateral
direction. As the probe size in the HIM is substantially smaller (both for He and Ne), the
lateral resolution on the integrated HIM-SIMS is limited only by fundamental considerations and not, as is currently the case on commercial SIMS instruments, the probe size [4,
5]. We have demonstrated that our instrument is capable of producing elemental SIMS
maps with lateral resolutions down to 12 nm [4-6]. Furthermore, HIM-SIMS opens the
way for in-situ correlative imaging combining high resolution SE images with elemental
and isotopic maps from SIMS [4, 5]. This approach allows SE images of exactly the same
zone analysed with SIMS to be acquired easily and rapidly, followed by a fusion between
the SE and SIMS data sets.
[1] G. Hlawacek, A. Gölzhäuser, Helium Ion Microscopy, Springer, 2017
[2] T. Wirtz et al., Appl. Phys. Lett. 101 (4) (2012) 041601-1-041601-5
[3] L. Pillatsch et al., Appl. Surf. Sci. 282 (2013) 908-913
[4] T. Wirtz et al., Helium Ion Microscopy, ed. G. Hlawacek, A. Gölzhäuser, Springer, 2017
[5] T. Wirtz et al., Nanotechnology 26 (2015) 434001
[6] P. Gratia et al., J. Am. Chem. Soc. 138 (49) (2016) 15821–15824
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a) FOV: 10µm

b) FOV: 3µm

1µm

500 nm

Figure 1: Secondary ion images of Co+ from a WC-Co sample for a field of view of a) 10 μm, and
b) 3 μm using Neon primary ions at an energy of 25 keV.
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Helium-Ion-Beam Etched Encapsulated Graphene
Nanoribbons
Gaurav Nanda1, Gregor Hlawacek2, Srijit Goswami1 and Paul Alkemade1*
1
2

Kavli Institute of Nanosciece, Delft University of Technology, Delft, The Netherlands
Helmholtz-Zentrum Dresden-Rossendorf, Germany

corresponding author email: p.f.a.alkemade@tudelft.nl

*

Graphene nanoribbons (GNRs) have been studied extensively since the discovery that
narrow graphene ribbons have a band-gap [1]. But much of the predicted novel physics
in GNR devices eluded experiments. The methods of fabrication were the bottleneck,
being either too complex or not flexible, or introducing contaminations or lattice imperfections. Recently, one sees a resurgence of this field, mainly driven by the ability to
encapsulate graphene, thus greatly reducing contamination during or after fabrication
[2,3].
One of the fabrication methods is etching with a helium focused ion beam (He-FIB) [4-7].
So far, lattice damage and/or contamination precluded reliable electrical measurements
in ion-beam etched graphene devices. In the present work we avoided contamination
by encapsulating graphene in boron nitride (BN). We used a He-FIB to etch encapsulated
graphene into ribbons of varying width. First, we made a sandwich of a BN bottom layer,
single-layer graphene, and a top BN layer. In the stacks we fabricated using e-beam lithography rectangular (10x1 um2) strips, connected to Cr/Au electrodes. Next, we determined using in-situ electrical probes the required 30-keV He+ dose to make a 10-nm wide
insulating barrier in the graphene, see Fig. 1. In the final fabrication step, we etched the
actual nanoribbon devices, 200 nm long and 10 to 90 nm wide, see e.g. Fig. 2.
We characterized the exposed graphene and the GNRs by Raman spectroscopy, atomic
force microscopy, and by electrical (I-V) measurements. The electrical measurements revealed the presence of 8-nm wide inactive strips at the edges of the GNRs, consistent
with previous e-beam lithography and He-FIB etching results [1,7]. Conductance measurements at 4 K showed an energy gap. We observed that the low-temperature I-V
measurements are characterized by power-law scaling, which demonstrates [8] that the
electrical transport in the encapsulated GNRs is governed by Coulomb blockade and
charge hopping between islands and localized states.
We attribute the almost complete disappearance of conductance in previous studies [47] to surface contamination that is aggravated by beam-induced disorder.
[1] M. Y. Han, B. Özyilmaz, Y. Zhang, and P. Kim. Energy band-gap engineering of graphene
nanoribbons. Phys. Rev. Lett. 98 (2007) 206805
[2] C. R. Dean, A. F. Young, I. Meric, C. Lee, L. Wang, S. Sorgenfrei, K. Watanabe, T. Taniguchi, P. Kim,
K. L. Shepard, and J. Hone. Boron nitride substrates for high quality graphene electronics. Nature
Nanotechnology 5 (2010) 722
[3] G. Nanda, S. Goswami, K. Watanabe, T. Taniguchi, and P. F. A. Alkemade. Defect control and
ndoping of encapsulated graphene by helium-ion-beam irradiation. Nano Lett. 15 (2015) 4006
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[4] D. C. Bell, M. C. Lemme, L. A. Stern, J. R. Williams, and C. M. Marcus. Precision cutting and
patterning of graphene with helium ions. Nanotechnology 20 (2009) 455301
[5] S. Nakaharai, T. Iijima, S. Ogawa, S. Suzuki, S. L. Li, K. Tsukagoshi, S. Sato, and N. Yokoyama.
Conduction tuning of graphene based on defect-induced localization. ACS Nano 7 (2013) 5694
[6] N. Kalhor, S. A. Boden, and H. Mizuta. Sub-10 nm patterning by focused He-ion beam milling for
fabrication of downscaled graphene nano devices. Microelectronic Eng. 114 (2014) 77
[7] A. N. Abbas, G. Liu, B. Liu, L. Zhang, H. Liu, D. Ohlberg, W. Wu, and C. Zhou. Patterning,
characterization, and chemical sensing applications of graphene nanoribbon arrays down to 5 nm
using helium ion beam lithography. ACS Nano 8 (2014) 1538
[8] A. A. Middleton and N. S. Wingreen. Collective transport in arrays of small metallic dots. Phys.
Rev. Lett. 71 (1993) 3198
Fig. 1. Creation of an insulating barrier in encapsulated
graphene with a He+ FIB.
The resistance between the
Cr/Au leads increases with
dose until an open circuit is
reached at 7000 ions nm-2.

Fig. 2. He-ion microscope
image of a 200-nm long and
25-nm wide GNR, etched
into a BN-Gr-BN stack. Upper left and lower right are
Cr/Au electrodes. The two
etched U-shaped barriers
are 10 nm wide.
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Localized ion beam mixing using a focused Neon
beam for future SET applications
X. Xu1, G. Hlawacek1*, Daniel Wolf1, Thomas Prüfer1, Rene Hübner1, Lothar Bischoff1, Johannes von
Borany1, Stefan Facsko1 and Karl-Heinz Heinig1
Institute for Ion Beam Physics and Materials Research, Helmholtz Zentrum Dresden Rossendorf,
Bautzner Landstr. 400, 01328 Dresden, Germany

1

corresponding author email: g.hlawacek@hzdr.de

*

The increased use of personal computing devices and the Internet of Things (IoT) is
accompanied by a demand for a computation unit with extra low energy dissipation.
The Single Electron Transistor (SET), which uses a Coulomb island to manipulate the
movement of single electrons, is a candidate device for future low-power electronics.
However, so far its development is hindered by low-temperature requirements and the
absence of CMOS compatibility. By combining advanced top-down lithography with
bottom-up self-assembly of Si nano dots (NDs) we will overcome this barrier.
In this work, Si NDs—suitable as RT Coulomb islands—are formed via ion beam mixing
followed by thermally stimulated phase separation. Spatial control over the ND formation is achieved by using the highly focused Neon beam with a diameter of only 2
nm available in the helium ion microscope (HIM) [1]. The impinging energetic ions will
locally mix excess Si from a top Si-layer and into a buried SiO2 layer which is grown on
a Si wafer. This results in a mixing volume small enough for restricted Ostwald ripening
and successful single ND formation. The formation of spatially controlled single NDs
with a diameter of only 2.2 nm is confirmed by comparing the energy filtered transmission electron microscopy (EFTEM) Si plasmon-loss intensity with simulated plasmon loss
images (see fig. 1). The conditions for ND formation, namely the dependence on primary
energy, irradiation fluence, layer thickness and thermal budget during rapid thermal
annealing (RTA), are optimized based on an extensive survey of this multidimensional
parameter space. The investigation is guided by TRIDYN simulations of the Si excess in
an SiO2 layer due to ion beam mixing and 3D Kinetic Monte-Carlo (3DkMC) simulation
for the phase separation during the thermal treatment. To achieve a CMOS compatible
mass fabrication of individual NDs the results are than transferred to Si+ broad beam
irradiation and cross checked by EFTEM. In this case localization will be achieved by prestructuring the sample into narrow pillars using lithography (see fig. 2).
[1] G. Hlawacek and A. Gölzhäuser, editors , Helium Ion Microscopy (Springer International Publishing, Switzerland, 2016).
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Figure 1: EFTEM analysis of Si cluster: (a) thickness τ over mean
free path length λSi gained from an EFTEM image of a single
Si cluster in SiO2. (b) Simulation of the expected contrast of a
single 2nm Si cluster. (c) Intensity profile along the indicated
line in (a) showing the size of the cluster and comparison to the
expected intensity profile obtained from (b).

Figure 2: Simulation results: TRI3DYN and kMC Simulation results showing the
formation of a single Si cluster in a Si pillar with an embedded SiO2 layer.

This work has been funded by the European Union’s Horizon 2020 Research and Innovation Program under grant agreement No. 688072 “IONS4SET”.
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Exhibitor

Large Area and High Precision Nanofabrication
Employing Gallium and AuSi Focused Ion Beams
S. Bauerdick*, L. Bruchhaus, P. Mazarov, A. Nadzeyka and M. Kahl
Raith GmbH, Konrad-Adenauer-Allee 8, 44263 Dortmund, Germany
corresponding author email: sven.bauerdick@raith.de

*

FIB systems and combined FIB-SEM microscopes are widely used for sample preparation
and various analytical tasks. On the other hand, FIB nanofabrication is a good partner
to other lithography techniques providing direct, resistless, and three-dimensional patterning. Although a FIB process can in many cases be slower than resist lithography,
the simplification of the overall approach, especially for the direct processing of novel
materials, helps to achieve scientific results faster.
The nanofabrication requirements for FIB technology are more demanding in terms of
stability, resolution, and the support of new processing techniques. We have improved
the Gallium-based liquid metal ion source (LMIS) as well as extended the ion column
towards the delivery of multiple ion species for a nanometer-scale focused ion beam
employing a liquid metal alloy ion source (LMAIS). Combining this very stable and high
resolution FIB technology with a lithography platform optimized for patterning, applications such as X-ray zone plates [1], large area gratings [2], plasmonic arrays (Fig. 1), and
wafer-scale nanopore devices become possible. We present the capabilities of the FIB
nanofabrication tool for sub-10 nm patterning as well as employing easy to select single
or multiple charged ions like Si and Au [3] for more unique techniques. Moreover we
will discuss other species [4] for ion implantation down to the single ion level required
in latest quantum technology applications.
In addition we investigated, optimized and tested milling approaches for pattern (write
field) stitching and for truly continuous patterning based on precise sample stage movement while cutting with the ion beam. A high speed pattern generator is synchronized
to the movements of the laser-interferometer controlled stage. An improved beam pattern needs to mimic the looping strategy of conventional milling, so that structures with
defined depth, steep sidewalls and minimum redeposition can be achieved also in this
special mode (Fig. 2). This allows for the creation of continuous structures which can
extend for mm or even cm.
[1] A. Nadzeyka, L. Peto, S. Bauerdick, M. Mayer, K. Keskinbora, C. Grévent, M. Weigand, M. Hirscher, G. Schütz: „Ion beam lithography for direct patterning of high accuracy large area X-ray
elements in gold on membranes”, Microel. Eng. 98 (2012), 198-201. http://dx.doi.org/10.1016/j.
mee.2012.07.036
[2] S. Tripathi, D. Scanlan, N. O’Hara, A. Nadzeyka, S. Bauerdick, L. Peto and G. Cross: “Resolution,
masking capability and throughput for direct-write, ion implant mask patterning of diamond surfaces using ion beam lithography”, J. Micromech. Microeng. 22 (2012) 055005 DOI:10.1088/09601317/22/5/055005
[3] S. Bauerdick, L. Bruchhaus, P. Mazarov, A. Nadzeyka, R. Jede, J. Fridmann, J. Sanabia, B. Gila and
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Bill R. Appleton: „Multispecies focused ion beam lithography system and its applications”, JVST B
31 (2013) 06F404. http://dx.doi.org/10.1116/1.4824327
[4] L. Bischoff, P. Mazarov, L. Bruchhaus, J. Gierak “Liquid metal alloy ion sources - An alternative for
focused ion beam technology”, Appl. Phys. Rev. 3, 021101 (2016).

Fig. 1: Plasmonic array of 100 μm area milled by a Si ion beam into a gold layer on a silicon substrate.

Fig. 2: X-sectional images showing the optimization of the repetitive beam pattern used while the
sample stage is continuously driving and thus creating an extended groove (500 nm width) with
nm precision over mm’s.
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COLDFIB : The new FIB source from laser cooled
atoms
M.Reveillard1, M. Viteau1, A. Houel1, A. Delobbe1, J.B. Mellier1, D.Comparat2
Orsay Physics, Fuveau, France
Laboratoire Aimé Cotton, Université Paris-Sud, ENS Cachan, CNRS, Université Paris-Saclay, 91405
Orsay Cedex, France
1

2

corresponding author email : jeanbaptiste.mellier@orsayphysics.com

*

Due to its very large field of applications, the FIB (FOCUSED ION BEAM) constitutes a key
technology in many scientific areas such as IC failure analysis, optoelectronics, nanoelectronics, editing, material science, earth science, space. Recently, biological and medical
applications have exploded. The birth and development of FIB technology are linked to
the invention of high brightness Gallium Liquid Metal Ion Source (LMIS) which still remains the most commonly used ion source.
Nevertheless, due to the evolution of the market, as well as escalating customer demands, the LMIS FIB is facing 2 main challenges: very small dimensional access and large
volume material removal. To meet these new market requirements manufacturers will
need to develop both new source alternative as well as new column technology to utilize
these new source initiatives.
With our new system, COLDFIB, Orsay Physics will take up this challenge by the coupling
of two high technologies: the laser cooling of Cs atoms, and manipulation of charged
particles.
This new technology offers a real breaktrough compare to LMIS FIB for the ultimate
milling size. The image resolution reaches the nanometer at 30keV.
In this talk, the coldFIB source and the dedicated column developed by Orsay Physics will
be presented, as weel as latest results.
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Mass-separated Focused Ion Beams for Self-Organized Surface Patterning
L. Bischoff1, R. Böttger1, W. Pilz1,2, S. Facsko1, and K.-H. Heinig1
Helmholtz-Zentrum Dresden-Rossendorf, Bautzner Landstrasse 400, 01328 Dresden
Technische Universität Dresden, Institute of Aerospace Engineering, 01307 Dresden

1
2

corresponding author email: l.bischoff@hzdr.de

*

Heavy mon- and polyatomic ions (Aunm+ or Binm+) from mass-separated FIB working
with LMAIS, see Fig.1, can cause localized melting at the ion impact point due to the
enhanced energy density in the collision cascade [1,2]. The formation of high aspect
ratio, hexagonal dot patterns on Ge, Si or GaAs after high fluence, normal incidence irradiation choosing a suited combination of energy density deposition and substrate temperature, which facilitated transient melting of the ion collision cascade volume could
be demonstrated [2-5]. In this study the universality of this ion impact-melting-induced,
self-organized pattern formation is expanded to the compound semiconductor GaSb
under Aunm+ ion irradiation with various conditions in particular, ion species, fluence,
energy/atom, temperature and angle of incidence. Calculations of the needed melting
energies per atom (Emelt) for different materials show, that GaSb is a preferring candidate for a successful surface patterning by mon- and polyatomic heavy ions whereas i.e.
the surface of SiC remains stable under the given conditions. Furthermore the surface
modification behavior under Aunm+ and Binm+ heavy ion impact should be compared.
HRSEM, AFM and EDX analysis of irradiated surfaces reveal that for compound semiconductors, additional superstructures are evolving on top of the regular semiconductor
dot patterns, indicating superposition of a second dominant driving force for pattern
self-organization.
[1] C. Anders, K.-H. Heinig and H. M. Urbassek, Polyatomic bismuth impacts into germanium: Molecular dynamics study, Phys. Rev. B 87 (2013) 245434.
[2] L. Bischoff, K.-H. Heinig, B. Schmidt, S. Facsko, and W. Pilz, Self-organization of Ge nanopattern
under erosion with heavy Bi monomer and cluster ions, Nucl. Instr. and Meth. B 272 (2012) 198.
[3] R. Böttger, L. Bischoff, K.-H. Heinig, W. Pilz and B. Schmidt, From sponge to dot arrays on (100)
Ge by increasing the energy of ion impacts, Journal of Vacuum Science and Technology B 30 (2012)
06FF12.
[4] R. Böttger, K-.H Heinig, L. Bischoff, B. Liedke, R. Hübner, and W. Pilz,
Silicon nanodot formation and self-ordering under bombardment with heavy Bi3 ions, physica
status solidi – Rapid Research Letters 7 (2013) 501.
[5] L. Bischoff, R. Böttger, K.-H. Heinig, S. Facsko, and W. Pilz, Surface patterning of GaAs under
irradiation with very heavy polyatomic Au ions, Applied Surface Science 310 (2014) 154.
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Fig. 1: Mass spectra of the used Liquid Metal Alloy Ion Sources (LMAIS). Beside the monomer ions
the heavy polyatomic species are nearly only available in LMAIS and so they are of great interest.

Fig. 2: Experimental set-up
Fig. 3: Surface pattern on
GaSb after 30 keV Au3 +
(10 keV/atom) irradiation
with a fluence of 1e17
cm-2 in normal incidence
at RT.
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Exhibitor

Faster sputtering rate accompanied by the improved low-energy resolution of the novel Orage
Ga-FIB column
T. Hrnčír1*, M. Rudolf1, M. Kocman1, J.B. Mellier2, L. Alcaraz2 and A. Delobbe2
TESCAN Brno s.r.o., Brno, Czech Republic
Orsay Physics S.A., Fuveau, France

1
2

corresponding author email: tomas.hrncir@tescan.cz

*

TESCAN S8000G FIB-SEM instrument introduces Orage FIB, the novel Ga-FIB column
from Orsay Physics. The next generation of Ga source FIB column with cutting-edge ion
optics is delivering ultra-fine resolution throughout the entire range of beam energies
from 500 eV to 30 keV, and excellent high current performance at 30 keV.
The Orage column achieves ion beam currents up to 100 nA (measured on the sample
stage Faraday cup) enabling fast sputtering rates for increased volume-wise analytical
capabilities including fast preparation of large-area cross-sections and fast FIB-tomography. The spot shape is still well defined at 100 nA. This is not the limit of the beam
current, but the value to be still able to obtain enough FIB current density for practical
milling tasks. Having such high current on Ga FIB is useful to get the high sample milling
throughput and to minimize time-to-result.
Excellent low energy beam performance due to cutting-edge ion optics enables easy,
precise and damage-free TEM sample preparation at the beam energy 1-2 keV. This is the
energy range where the amorphous damage caused by Ga FIB milling is minimized [1].
An innovative gun piezo centering and piezo-driven apertures enable fully automated
alignment with high reproducibility in the whole beam energy range. The gun and aperture positions are automatically set to get the optimum mechanical alignment of the column where the maximum obtainable FIB resolution is guaranteed. The number of beam
limiting apertures has been increased to 30 for the higher versatility of beam currents
and longer lifetime of the aperture strip.
Automated ion source heating routine together with the constant extractor voltage operation during the lifetime of the ion source are bringing significant improvement of the
beam current stability and FIB presets stability in general. This is also big advantage for
applications requiring long FIB milling time like multiple TEM sample preparation, FIBSEM 3D tomography and especially 3D EDX and EBSD.
Semi-automatic spot shape tuning wizard helps FIB operator to obtain the best shape
of FIB spots on the sample. The wizard automatically changes FIB parameters like beam
aperture centering, voltage on stigmator octupole and objective lens voltage. Then the
user selects the best spot which is automatically milled into the sample and FIB settings
at this best condition is automatically saved into the user preset. This preset can be then
recalled automatically, usually no further adjustments are necessary.
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The fully integrated calculations of FIB optical parameters are helping the user of the
instrument to tune FIB for the practical applications. Calculated parameters include the
spot size, probe current on the sample and objective voltage to focus the spot in dependence on the beam energy, condenser voltage and aperture size.
[1] L. A. Giannuzzi, B. Van Leer, and J. Ringnalda; Evidence for a Critical Amorphization Thickness
Limit of Ga+ Ion Bombardment in Si; Microsc Microanal 13(Suppl 2) (2007), 1516.

Fig. 1: Semi-automated tuning of FIB spot on the sample for
polishing preset at the beam current 1 nA and beam energy
30 keV. The milling time of each spot is 3 s and the stigmator
octupole voltages are changed in two perpendicular directions
to find the optimum stigmator adjustment at given conditions.
The similar matrix is also automatically generated for aperture
centering and objective lens voltage to obtain column parameters for the best spot shape at given probe current and beam
energy.
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Tutorial

Cryo-FIB sample preparation: Challenges and
solutions
M. Schaffer*, B.D. Engel, S. Pfeffer, S. Albert, T. Laugks, W. Baumeister and J.M. Plitzko
Max Planck Institute of Biochemistry, Department of Molecular Structural Biology, Am Klopferspitz
18, 82152 Martinsried, Germany
corresponding author email: schaffer@biochem.mpg.de

*

The focused ion beam (FIB) microscope has long been established as a powerful and
versatile sample preparation tool for transmission electron microscopy (TEM). However,
the application of FIB in biology as a part of a complete cryoelectron tomography (CET)
workflow is a comparably recent development [1-5].
A unique set of experimental challenges must be overcome to prepare frozenhydrated
biological specimens of suitable quality. Not only is it a fundamental requirement to
keep the specimen at sufficiently low temperatures during all workflow steps to avoid
devitrification, but contamination due to rapidly freezing water vapor is also a constant
concern throughout the procedure. Furthermore, high-resolution structural analysis by
CET is a low-dose technique, requiring thin and homogenous specimens for sufficient signal, even when state-of-the art direct detection cameras and contrast-enhancing phase
plates are employed. Optimized FIB sample preparation routines from materials science
cannot readily be applied without adaptation, because localized, beam-assisted material
deposition is not available at cryo-conditions, and radiation damage needs to be kept
to a minimum. Finally, robust statistical analysis is a key demand for most biological investigations, often requiring dozens of good specimens to confirm a single result. Thus,
sample preparation routines must be high throughput and yield samples of reproducible
quality. In this presentation, we will discuss the challenges and solutions of cryo-FIB
sample preparation as implemented for the CET workflow at the MPI of Biochemistry in
Martinsried.
[1] M. Marko, C. Hsieh, R. Schalek, J. Frank, C. Mannella; Focused-ion-beam thinning of frozenhydratedbiological specimens for cryo-electron microscopy.; Nature Methods 4(3) (2007), 215-7.
[2] B.D. Engel, M. Schaffer, J.M. Plitzko, W. Baumeister; Native architecture of the chlamydomonas
chloroplast revealed by in situ cryo-electron tomography.; eLife 4 (2015), e04889.
[3] J. Mahamid, S. Pfeffer, M. Schaffer, E. Villa, R. Danev, L.K. Cuellar, F. Förster, A.A. Hyman, J.M.
Plitzko, W. Baumeister; Visualizing the molecular sociology at the HeLa cell nuclear periphery.;
Science 351(6276) (2016), 969.
[4] M. Schaffer, J. Mahamid, B.D. Engel, T. Laugks, W. Baumeister, J.M. Plitzko; Optimized cryofocusedion beam sample preparation aimed at in situ structural studies of membrane proteins.;
Journal of Structural Biology 197(2) (2017), 73.
[5] S. Pfeffer, J. Dudek, M. Schaffer, B.G. Ng, S. Albert, J.M. Plitzko, W. Baumeister, R. Zimmermann,
H.H. Freeze, B.D. Engel, F. Förster.; Dissecting the molecular organization of the transloconassociated protein complex.; Nature Communication 8 (2017), 14516.
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Using a specially designed microgripper for work at cryo-temperatures that is attached
to a micromanipulator that can be mounted inside the vacuum chamber in a multitude
of geometric configurations, provides the means for handling cryomicrosamples in situ.
One example would be a pick & place operation, such as TEM sample liftout.
Preparing site-specific TEM lamella on cryogenic samples is challenging for a number of
reasons. One of the steps that needs to be performed is the transfer from sample bulk to
TEM grid. Using a cryo-compatible microgripper instead of the traditional method of site
specific electron or ion beam induced deposition of carbon or metal may yield various
advantages, such as:
•

eliminating the need for coating the sample with injected material during lamella
extraction

•

minimum stage tilts are required, when using pre-tilted sample shuttles.

•

using a small, nimble micromanipulator allows great flexibility in regard to the
sample geometry

Especially the last point is important as it can be difficult to arrange all the necessary
parts in the correct geometrical relationship to each other when operating with stage
motions constrained by the cryo system.
The transfer of a cryo-TEM slice from the sample bulk to a TEM grid will be shown in
this work.
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FIB Artifacts and Tricks to Overcome Them

J. Reuteler
Department of Materials Science, ETH Zürich, Switzerland
corresponding author email: joakim.reuteler@scopem.ethz.ch

In cases when traditional techniques struggle FIB systems often offer a solution. Still
there can be undesired effects also with FIB techniques. Probably most FIB users have
experience curtaining at some point: vertical lines making the cross section surface wave
like a curtain. As diverse as the applications of FIB are the artifacts we encounter. This
tutorial is aimed at medium to advanced FIB users and aims to cover a broad range of
artifacts that can occur when employing FIB techniques. The bulk of the talk is a list of
artifacts along with practical tricks and strategies to cope with them. In some cases the
artifact is tightly liked to a material and in some cases it is linked to a particular application. Both FIB milling as well as deposition processes are covered. Furthermore sample
preparation and approaches for tuning the ion beam are presented. During the discussing FIB experts are welcome to bring up their latest observations or problems.
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Combined FIB-Nanotomography and 3D-EDX of
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In reverse mode, solid oxide electrolysis cells (SOEC) are being developed intensely for
storing growing excess renewable electricity into gas (H2, CH4), reaching close to 100%
electrical-to-H2 efficiency. The challenge remains to mitigate the performance degradation with time. The degradation stems from morphological, chemical and crystallographic
changes, due to intrinsic material instabilities and (exo- and endogenous) impurities [1].
FIB Nanotomography offers a high resolution when the electron beam energy is in the
range of 1-2 keV. At this energy the escape depth of electrons is in the range of a few
nanometers. Tomography data with isometric voxels of a few nanometers in size can be
acquired automatically [2]. The EDX analysis however requires a beam energy typically in
the range of 8-15keV and depends on the ionisation energy for the different elements
present in the sample. The acquisition software Atlas-5 on the Zeiss Cross-beam 550
allows switching between the imaging conditions (HT, image pixels size, slice thickness)
and EDX conditions (HT, mapping pixel size, intervals between EDX maps).
The region comprising the yttria-stabilized zirconia (YSZ) electrolyte, the gadolinia-doped ceria (GDC) compatibility layer, the Ni-YSZ hydrogen electrode and the lanthanum
strontium cobalt ferrite-based oxygen electrode has been imaged by FIB-SEM/EDX. FIBSEM imaging was performed at an acceleration voltage of 1.8 kV with 10nm imaging
pixel size and 10nm slice thickness. Data from the secondary electron (SE) detector and
the energy selective backscattered (EsB) detector was recorded simultaneously. Every 10
slices, the acceleration voltage was switched from 1.8 kV to 10 kV for EDX. The combination of the 3-D SESI and EsB data with high spatial resolution and 3-D EDX elemental
maps (Fig.1) provides new insights into the microstructural alterations that occur during
operation (a). Significant changes were observed SOEC sample, including the formation
of a SrZrO3 insulating secondary phase (b). Localized changes include intra-phase microcracks in the O2 electrode and inter-phase cracks in the Ni-YSZ electrode (c), predominantly close to the YSZ electrolyte. Closed porosities form along the grain boundaries in
the YSZ electrolyte, on the oxygen electrode side (d.). Ni coarsening and depletion close
to the electrolyte was also observed.
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Fig 1: 3-D reconstruction of a sample operated in SOEC mode for 11’000 h obtained by FIB-SEM/
EDX.
References
[1] H. Yokoka, H. Tu, B. Iwanschitz and A. Mai,Journal of Power Sources 182 (2008) 400-412.
[2] M. Cantoni, L. Holzer, Advances in 3D focused ion beam tomography, (2014) MRS Bulletin, 39
(4), pp. 354-360.
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Femtosecond laser and FIB: A winning team for
the rapid preparation of micro-mechanical samples
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Focused ion beam (FIB) machining is the standard fabrication technique for the preparation of samples for micro-mechanical tests. This is due to its broad availability and
high precision. Nevertheless, the low material removal rate limits the sample size and
the number of producible samples. Additionally, ion implantation leads to damage of
the near surface material [1]. A femtosecond laser offers ablation rates orders of magnitude higher compared to a FIB. Further it exerts small or ideally no thermal impact on
the surrounding material [2]. Combining both methods opens up new possibilities in
the preparation of microsized samples. On the basis of the Zeiss Auriga Laser platform
a prototype has been developed [3]. The system contains a FIB and a scanning electron
microscope (SEM) column in the main chamber and a laser processing unit in a second
chamber, which is separated by an airlock. This prevents the devices and detectors in the
main chamber from contamination with laser-ablated material. Further it allows laser
processing under vacuum and atmospheric conditions. The performance of the novel
system is demonstrated on multiple materials and sample geometries [1, 2]. Areas of
possible applications are examined and future challenges are discussed.
[1] D. Kiener, C. Motz, M. Rester, M. Jenko, G. Dehm, Fib damage of Cu and possible consequences
for miniaturized mechanical tests, Materials Science and Engineering: A, 459, (2007), 262
[2] M.P. Echlin, M. Straw, S. Randolph, J. Filevich, T.M. Pollock, The TriBeam system: femtosecond
laser ablation in situ SEM - Mater. Charact. 100, (2015), 1
[3] M. J. Pfeifenberger, M. Mangang, S. Wurster, J. Reiser, A. Hohenwarter, W. Pfleging, D. Kiener, R.
Pippan, The use of femtosecond laser ablation as a novel tool for rapid micro-mechanical sample
preparation, Materials & Design 121, (2017), 109 .
[4] S. Jakob, M. J. Pfeifenberger, A. Hohenwarter, R. Pippan; Femtosecond Laser Machining for
Characterization of local mechanical Properties of Biomaterials: A Case Study on Wood; Science and
Technology of Advanced Materials (under review).
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Analysis of Plastic Deformation and Stresses in
Micro-Cantilevers by means of Electron Backscatter Diffraction
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In order to understand the elastic-plastic fracture process at the microscale, we combine micro-cantilever experiments with electron backscatter diffraction inside a scanning
electron microscope as shown in Fig. 1. This allows us to investigate the deformation
and fracture behavior in situ and to correlate those observations precisely with experimental data [1]. The material we focus on, single-crystalline tungsten, has a brittle to
ductile transition temperature well above room temperature. This allows the study of
fracture processes which are accompanied by limited plastic deformation around the
crack tip. The cantilevers are prepared by focused ion beam machining and have approximate dimensions of 25 μm in length and 7 μm in thickness and width. In addition to
each micromechanical test, in-situ high resolution electron backscatter diffraction measurements of the area around the crack tip are performed at various loading states by
means of the cross correlation technique [2]. In that way the evolution of local stresses
and strains acting at the crack tip and leading to crack growth in the samples is accessible. By analyzing the rotation gradients in the sample, the plastic deformation in terms
of geometrically necessary dislocations can be mapped, quantified and used to describe
the effect of dislocations in the investigated materials on the fracture behavior. This is
presented in Fig. 2.
[1] J. Ast, G. Mohanty, Y. Guo, J. Michler, X. Maeder; In situ micromechanical testing of tungsten
micro-cantilevers using HR-EBSD for the assessment of deformation evolution; Materials and Design
117 (2017), 265.
[2] A.J. Wilkinson, G. Meaden, D.J. Dingley, High-resolution elastic strain measurement from electron backscatter diffraction patterns: New levels of sensitivity, Ultramicroscopy 106 (2006), 307
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Fig. 1: Schematic illustration of the in situ EBSD setup inside the SEM chamber. A notched micro-cantilever is shown with its crystallographic orientation.

Fig. 2: Sequences of EBSD measurements before (1), during (2-4) and
after (5) loading; (a) principal stress σ11 in GPa along the long axis of
the beam and (b) density of the geometrically necessary dislocations
(GND).
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During the last decade the combination of different microscopic and spectroscopic methods into one instrument gained increasing importance due to the simultaneous acquisition of complementary information. Especially highly localized probing of mechanical,
electrical, chemical and crystallographic properties on the nanoscale represents a key
success factor for gaining new insights in the micro and nano world. Crystallographic
analysis by means of electron backscatter diffraction (EBSD) on focused ion beam (FIB)
polished surfaces in combination with correlative sub-nm topography analysis in the
field of zirconia-based ceramics represents the focus of this work. Zirconia (ZrO2)-based
ceramics are strong, hard and inert, with low thermal conductivity and good biocompatibility which makes them ideal candidates for applications in the fields of e.g. optical
communication, automobile industry and femoral implants. However, phase transformation processes in these materials which can either strengthen or weaken the material
are barely understood due to the lack of correlative crystallographic phase and morphology information.
To overcome current limitations, we present a unique atomic force microscope (AFM)
– the AFSEM™ - designed for seamless integration into scanning electron microscopes
(SEM) or dual beam systems. Its open design and the use of self-sensing cantilevers with
electrical readout[1] allows for simultaneous operation of SEM, FIB and AFM inside the
vacuum chamber to perform correlative in-situ AFM/SEM/EBSD analysis of FIB-treated
nanostructured materials (Figure 1). For the first time, we present correlative AFM/EBSD
data of a FIB polished ZrO2 ceramic of phase transformed regions. While EBSD allows
for locally identifying areas where the phase transformation has occurred, in-situ AFM
can now be utilized to analyze phase-transformation-induced topographic changes with
sub-nm resolution (Figure 2).
In a further step, we demonstrate how in-situ correlative analysis with the AFSEM™ in an
SEM can be extended into the third dimension to measure nanomechanical properties
of soft material. To achieve this, FIB slicing and mapping of nanomechanical properties
using the AFSEM™ is performed in repetitive steps to build up a 3-dimensional elasticity
map.
[1] M. Dukic, J. D. Adams and G.E. Fantner, Scientific Reports 5 (2015) 16393.
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Fig. 1: Schematics of correlative analysis in a dual-beam system using SEM, FIB and AFSEM™ in an
interactive experiment.

Fig. 2: a) AFM image of ZrO2 sample in phase transformed region b) Correlative SEM image and
corresponding c) EBSD crystallographic analysis (regions with desired phase are shown in pink surrounded by dashed white lines). d) 3D topography showing phase transformation-induced changes
of topography up to 5 nm as shown by the e) line cross section in transformed areas. Sample Property: Prof. Zeng Yi, Shanghai Institute of Ceramics, Chinese Academy of Sciences.
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from COST Action CM1301 CELINA
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Since 2013, the European COST Action CELINA (Chemistry for ELectron-Induced NAnofabrication [1]) stimulates collaborative research that aims at improving the performance
of FEBID processes. CELINA thus networks research concerned with the fundamentals of
electron-driven chemistry (Working Group 1) with groups engaged in precursor synthesis (Working Group 2) and with the FEBID community (Working Group 3). This multidisciplinary effort is needed because of the many different physical and chemical aspects
involved in the formation of a deposit [2]. This contribution summarizes the challenges
of FEBID technology and highlights recent progress achieved within CELINA.
FEBID so far relies on precursors developed for chemical vapour deposition (CVD), a
thermally driven process. Electron-driven chemistry, however, leads to a different fragmentation than thermal chemistry and consequently deposit purity of often a concern
[2,3]. Therefore, CELINA aims at precursors and processes particularly adapted to the
electron-induced fragmentation mechanisms in FEBID. As a prominent example, bimetallic precursors hold the promise of yielding alloys with well-defined composition. Collaborations within CELINA investigate the fundamentals of such precursors as well as
their performance in the FEBID process [4,5].
To control the deposition in FEBID, it is important to realize that not only the electron
beam but also the surface temperature has an influence on the deposit formation [6].
The FEBID process is thus a delicate interplay of electron-driven and thermal surface chemistry. In addition, catalytic effects can play a role as evident from deposit growth following electron beam induced surface activation (EBISA) [7]. Finally, recent work within
CELINA reveals that deposits can be purified by electron irradiation in the presence of
process gases such as water [8-10]. Understanding and controlling each of these different chemistries poses significant challenges but is the key to ultimate deposit purity,
spatial resolution, and deposition speed. This does not only enable the fabrication of
deposits with well-defined properties but the bottom-up approach FEBID can also add
interesting functionality to devices produced by top-down technologies as exemplified
in this contribution.
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[1] http://celina.uni-bremen.de/celina
[2] R.M. Thorman, Ragesh Kumar T. P., D.H. Fairbrother, O. Ingólfsson; The role of low-energy electrons in focused electron beam induced deposition: four case studies of representative precursors;
Beilstein J. Nanotechnol. 6 (2015) 1904.
[3] I. Utke, P. Hoffmann, J. Melngailis; Gas-assisted focused electron beam and ion beam processing
and fabrication; J.Vac.Sci.Technol. B 26 (2008) 1197.
[4] F Porrati, M Pohlit, J Müller, S Barth, F Biegger, C Gspan, H Plank, M Huth; Direct writing of CoFe
alloy nanostructures by focused electron beam induced deposition from a heteronuclear precursor;
Nanotechnology 26 (2015) 475701.
[5] Ragesh Kumar T.P., S. Barth, R. Bjornsson, O. Ingólfsson; Structure and energetics in dissociative
electron attachment to HFeCo3(CO)12; Eur. Phys. J. D 70 (2016) 163.
[6] S. G. Rosenberg, K. Landheer, C. W. Hagen, H. D. Fairbrother; Substrate temperature and electron fluence effects on metallic films created by electron beam induced deposition; J. Vac. Sci.
Technol. B 30 (2012) 051805.
[7] H. Marbach; Electron beam induced surface activation: a method for the lithographic fabrication
of nanostructures via catytic processes; Appl. Phys. A 117 (2014) 987.
[8] B. Geier, C. Gspan, R. Winkler, R. Schmied, J.D. Fowlkes, H. Fitzek, S. Rauch, J. Rattenberger, P.D.
Rack, H. Plank; Rapid and highly compact purification for focused electron beam induced deposits:
A low temperature approach using electron stimulated H2O reactions; J. Phys. Chem. C 118 (2014)
14009.
[9] M.M. Shawrav, P. Taus, H.D. Wanzenboeck, M. Schinnerl, M. Stöger-Pollach, S. Schwarz, A.
Steiger-Thirsfeld, E. Bertagnolli; Highly conductive and pure gold nanostructures grown by electron
beam induced deposition, Sci. Rep. 6 (2016) 34003.
[10] Z.Warneke, M. Rohdenburg, J. Warneke, J. Kopyra, P. Swiderek; Water-assisted purification
of carbon-rich FEBID deposits fabricated from trimethyl(methylcyclopentadienyl)platinum(IV): The
underlying chemistry; Beilstein J. Nanotechnol., submitted.
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Focused electron beam induced deposition (FEBID) is a well-established maskless direct write method for nanostructures [1]. Application examples comprise gas sensors
[2], strain sensors [3], magnetic sensors [4], and photonic sensors [5]. The direct-write
deposition of silver for plasmonic applications via focused electron beam has not been
investigated so far. In this work we report the suitability of the Ag(I) compound C2F5COOAg as a FEBID precursor which has been used before for chemical vapor deposition
(CVD) [6]. Our results show that FEBID can be conducted at much lower substrate and
precursor temperatures than those of 540 K previously reported for CVD experiments,
and resulted in selective deposition with high metal purity reaching about 60 % of Ag
(Fig. 1). The results were characterized with SEM, EDX and TEM. The SEM micrographs in
Figure 2 display the crystalline nature of the silver metal deposits which can be obtained
by FEBID showing larger crystal growth in the peripheral areas of the primary electron
beam. Lines were selectively written with acceleration voltages of 20 keV and 0.7 nA, the
shape of which is defined by the size of the primary electron beam (core line) and the
range of backscattered electrons (halo deposit) (Fig. 2 (a)). We will present our results
and discuss further implications for this precursor which appears to be a promising candidate for successful silver FEBID.
[1] I. Utke and A. Gölzhäuser; Small, minimally-invasive, direct: electrons induce local nano-sized
reactions of adsorbed functional molecules; Angew. Chem. Int. Ed. 49 (2010), 9328.
[2] F. Kolb, K. Schmoltner, M. Huth, A. Hohenau, J. Krenn, A. Klug, E.J.W. List, H. Plank; Variable
tunneling barriers in FEBID based PtC metal-matrix nanocomposites as a transducing element for
humidity sensing; Nanotechnology 24 (2013), 305501.
[3] C.H. Schwalb, C. Grimm, M. Baranowski1, R. Sachser, F. Porrati, H. Reith, P. Das, J. Müller, F.
Völklein, A. Kaya, M. Huth; A Tunable Strain Sensor Using Nanogranular Metals; Sensors 10 (2010),
9847.
[4] M. Gabureac, L. Bernau, G. Boero, I. Utke; Single superparamagnetic bead detection and direct
tracing of bead position using novel nanocomposite Hall sensors; IEEE Transactions on Nanotechnology 12 (2013) 668.
[5] F. De Angelis, C. Liberale, M. L. Coluccio, G. Cojoc, E. Di Fabrizio; Emerging fabrication techniques
for 3D nano-structuring in plasmonics and single molecule studies; Nanoscale 3 (2011), 2689.
[6] E. Szlyk, et al.; CVD of AgI Complexes with Tertiary Phosphines and Perfluorinated Carboxylates
– A New Class of Silver Precursors; Chem. Vap. Deposition 7 (2001), 111.
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Fig. 1: EDX spectrum of a silver line written by a focused electron beam (20 keV,
0.7 nA) on a 100nm SiO2/Si substrate. The metal content was determined to be
63 % after subtraction of the substrate signal. The inset displays a SEM image
of the deposit.

Fig. 2: SEM micrographs of Ag lines deposited on gold patterned SiO2/Si substrate. (a) Overview of three lines deposited with different electron doses. (b)
Close-up of the center line (indicated with arrow) depicting the crystal growth.
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During the last decades, resonant optics attracted enormous interest in science and
technology as this research field provides deep insights in fundamental physics but also
led to an increasing number of applications ranging from optical filters over waveguides
towards sensor devices. While several techniques for the fabrication of metallic structures have been introduced, the direct-write fabrication of highly defined structures on the
nanoscale, especially for complex three-dimensional geometries on non-flat surfaces,
is still an intractable challenge. Focused Electron Beam Induced Deposition (FEBID) has
recently made a huge step forward concerning the predictable fabrication of complex,
freestanding 3D architectures, leveraging this technique into the status of a true nanoprinter , for multi-dimensional, functional nano-structures on almost any substrate material and morphology. Beside the reliable shape performance on the nanoscale, high
material purity is essential for many applications such as plasmonics. While as-fabricated
FEBID materials notoriously contain carbon impurities up to 90 at.%, different postgrowth purification processes introduced in recent years have been proven to transfer
FEBID materials into pore- and crack-free high-fidelity shapes with pure metallic properties . Based on this framework, we here present FEBID as a generic technique for the ondemand, direct-write fabrication of quasi-planar (2D) and freestanding (3D) plasmonic
Au structures. First, we confirm the plasmonic activity of FEBID based Au-materials after
our straightforward purification approach. Next, we focus on the fabrication of quasiplanar high-resolution Au bi-ring arrays for application as electro-magnetic metamaterials in the frame of THz plasmonics (Fig. 1). Finally, we expand the structures into the
third dimension, fabricate freestanding, 3D nano-architectures which can barely fabricated with other fabrication techniques, and confirm its plasmonic activities.
[1] I. Utke and A. Gölzhäuser; Small, minimally-invasive, direct: electrons induce local nano-sized
reactions of adsorbed functional molecules; Angew. Chem. Int. Ed. 49 (2010), 9328.
Fowlkes J.D. et-al (2016). ACS Nano, 10 (6), 6163.
Winkler R. et-al (2016). ACS Appl. Mat. Interf., DOI: 10.1021/acsami.6b13062
Geier B. et-al (2014). J. Phys. Chem. C, 118, 14009.
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Figure 1: Au based FEBID metamaterials for plasmonic filtering in the THz range. AFM height image
of a fully purified, Au bi-ring (left) revealing FWHM line widths and heights of less than 25 nm and 5
nm, respectively. The representative transmission spectrum of a 12×12 bi-ring array clearly confirm
the spectral modulation with a minimum at 655 nm (right).

Figure 2: 3D-nanoprinting of plasmonic active FEBID-structures. First, complex 3D-nanoarchitectures are reliably fabricated via FEBID (left). After that, a purification step utilizing electron stimulated
reactions with water vapour is applied to transfer the Au-C deposition into pure gold as shown via
TEM characterization (center). Finally, STEM-EELS investigation confirmed plasmonic activity (right).
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Besides living habits and environmental factors, our genome determines our predisposition to suffer from a certain disease. On the other hand, the targeted medical treatment
of a disease based on the genetics of the individual, is possible. Such personalized medicine has the potential to revolutionize healthcare if fast and affordable DNA screening
can be realized.
A promising method to visualize the genomic structure of single DNA molecules with
high throughput is optical mapping. Fluorescently labeled single DNA molecules are fed
through the long nanochannels of a micro/nanofluidic chip, where they can be visualized
in an inverted UV microscope using a CCD camera or photon-counter. A typical micro/
nanofluidic device consists of multi-scaled structures. Large microchannels with depths
and widths of several microns transport the DNA containing fluid from reservoirs to the
nanochannels. The latter are less than 100 nm deep and wide. Funnel-like connections
between micro and nanochannels minimize the entropic barrier due to size mismatch
and, as a beneficial side effect, prevent clogging of the nanochannels.
In this work, micro/nanofluidic devices were fabricated by UV-nanoimprint lithography
(UV-NIL, see Fig. 1). The silicon master stamp was patterned by photolithography combined with FIB direct milling. FIB nanopatterning allows flexible and fast prototyping
of different device layouts including 3D shapes (see Fig. 2). The pattern on the silicon
master stamp was transferred to a polymer coated glass stamp, which in a second step
was used to create the actual experimental devices.
In a FIB-SEM not only the master stamps can be machined, but the entire fabrication
process can be monitored and characterized. For high-resolution SEM imaging of the
polymer/glass stamps and devices unique local charge compensation was used.
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Fig.1: Schematic illustration of the fabrication steps to produce nanofluidic devices for DNA
optical mapping.

Fig.2: Left: 5 kV SE image of the Si master stamp showing multiple connections of the microchannels by nanochannels. Right: Enlarged image of the 3D tapered inlet of a nanochannel.
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FIBSIMS, AFM, SEM combination for simultaneous analysis of elemental composition and surface topography
Lex Pillatsch1 *, Fredrik Östlund2, Agnieszka Priebe1 and Johann Michler1
Empa (Swiss Federal Laboratories for Materials Science and Technology), Laboratory for
Mecha nics of Materials and Nanostructures, Feuerwerkerstrasse 39, CH-3602 Thun, Switzerland
2
TOFWERK AG, Uttigenstrasse 22, CH-3600, Thun, Switzerland
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Atomic Force Microscopy (AFM) is a well known tool for investigation of surface roughness and to extract depth information of surface features. FIBSEM instruments allow
to image and depth profile surfaces by sputter milling and to visualize the surface topography or chemical contrast by secondary electrons or backscattered electrons, respectively. With an attached SIMS, the elemental composition of the sputtered volume
is measured, but 3D reconstruction is sometimes hampered due to surface roughness
in the sputter crater. The combination of FIBSEM, AFM and SIMS allows measuring the
location of sputtered voxels and to 3D reconstruct the elemental composition of the
sputtered volume.
In this presentation, a high vacuum compatible AFM has been installed in a TESCAN FIBSEM instrument (Figure 1) [1]. In combination with a Tof-SIMS installed on the FIBSEM
instrument, chemical information obtained from sputtered crater are located laterally
and depth corrected. The coordination of the different analysis technics and detectors is
numerical controlled by a python script.
The concept is tested on a multilayer Vertical Cavity Surface Emitting Laser (VCSEL) where we investigated the chemical structure as well as the thickness of the different layers.
The combination of FIBSIMS, SEM and AFM was used to analyse a Co deposit produced
by focused electron beam induced deposition (FEBID). The shape of the deposit was
visualised with the SEM and analysed with the AFM. Possible contamination from the
deposition process, perturbing the magnetic properties of the Co deposit has been analysed by FIBSIMS (Figure2).
[1] J.A. Whitby et al, Advances in Materials Science and Engineering, 2012, article ID 180437
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Figure 1.: High vacuum AFM setup with the sample installed on the
10x10 µm range scanning table. The adjustment of the tip height is
done by a piezo manipulator below the tip. Coarse motion of the tip
to position the tip at the area of interest is realized by slip stick nanomanipulators. The inset picture shows an SEM image of the tip close to
the surface.

Figure 2: Analysis of a Co-deposit by SEM, AFM and FIBSIMS. a) The structure was
visualized by SEM b) and the height was measured by AFM. c) Oxygen and carbon contamination from the deposition process were measured by FIBSIMS.
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FIB lamella sample preparation on to MEMS Nano-Chips for in situ TEM applications
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Recent advances in MEMS chips for in situ transmission electron microscopy
(TEM) are opening exciting new directions in nanoscale research. Nowadays,
there are possibility to combine various stimuli like biasing and/or heating inside
the TEM [1] to study materials used in numerous applications, e.g. solid state
batteries, non-volatile memories, sensors, electronics, LED’s, photovoltaics, etc.
Majority of samples used for in situ biasing experiments are actually prepared
using Focused Ion Beam (FIB). This method is well adopted for lamella preparation
on TEM grids, but how would you prepare a lamella on a MEMS chip? On top of
tight requirements placed to FIB lamellas on cleanliness and thickness (<100 nm),
there is an additional demand to functionalize the lamella by properly connecting
it to biasing electrodes present in the MEMS chip (Fig. 1) and directing the current
flow and/or E-field direction in the sample. Furthermore, the preparation method
should be easy to use, reproducible, fast and reliable.
To facilitate lamella preparation on to MEMS Nano-chips and to achieve the
above mentioned requirements, a special FIB stub has been designed. The FIB
design, shown in Fig. 2, features two opposing faces, making angles 52o and 33o
with the base plane of the stub. There are trenches to simplify the positioning of
the MEMS chip onto the stub (Fig. 2). The stub also features metal clamps that
have two goals, e.g. to fix the sample and the Nano-Chip in place and to reduce
charging. The main advantages of the stub are the possibility to make a lamella
and to perform a liftout within a few simple steps, no extra step is needed to
change the orientation of the lamella (using an omnigrid), a direct positioning of
the lamella onto the MEMS Nano-Chip without venting and the ability to perform
milling/polishing from both sides of the lamella to reduce contamination and to
reach the desired thickness. This method has been recently used to prepare an
operational Pt/HfO2/TiN device on to the biasing Nano-Chip (Fig. 3) and it has
been successfully switched inside the TEM [2].
In this work we present a novel FIB-based method for lamella preparation on to
MEMS Nano-Chips, used in in situ TEM research.
[1] H. H. Pérez Garza, K. Zuo, Y. Pivak, D. Morsink, M. Zakhozheva, M. Pen, S. van Weperen, Q. Xu;
MEMS-based system for in-situ biasing and heating solutions inside the TEM; The 16th European
Microscopy Congress 2016, Lyon, France (http://emc-proceedings.com/abstract/mems-based-systemfor-in-situ-biasing-and-heating-solutions-inside-the-tem/)
[2] A. Zintler, U. Kunz, Y. Pivak, S.U. Sharath, S. Vogel, H.-J. Kleebe, L. Alff, L. Molina-Luna; FIB Based
Fabrication of an Operative Pt/HfO2/TiN Device for Resistive Switching inside a Transmission Electron
Microscope; Ultramicroscopy (2017), in press (https://doi.org/10.1016/j.ultramic.2017.04.008)
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Fig. 1: (Top) Eight contact MEMS heating & biasing Nano-Chip with (bottom) zoomed in details of the heating
spiral, biasing electrodes and the sample area.

Fig. 2: (Top) Schematics of the 52o/33o
FIB stub and (bottom) the actual FIB
stub design with the sample and the
Nano-Chip on the left and right faces,
respectively.

Fig. 3: (a) SE image of the Pt/HfO2/TiN lamella prepared on to the MEMS Nano-Chip. (b) FIB-SE
image (flipped vertically with respect to (a)) showing the layered structure with the active HfO2
layer.
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Development of the scientific instrumentation and analytical methods was in the last decade significantly influenced by the integration of different techniques into the compact instrumentation. The scanning electron microscopy (SEM) equipped with the Focused Ion Beam (FIB) and scanning probe microscopy (SPM) are commonly used imaging techniques in the Material Sciences,
Nanotechnology and Life Sciences. Integration of LiteScope SPM produced by NenoVision into
the TESCAN FIB-SEM extend the instrument capabilities and offer several benefits like 3D characterization, measurements of electrical and magnetic properties and others. On the top of that
we present new measurement techniques for the true correlative imaging which enable direct
comparison of the images from SEM and SPM. Unique measurement technique Correlative Probe
and Electron Microscopy (CPEM) for correlative imaging has been developed by the SPM manufacturer NenoVision and tested in the TESCAN FIB-SEM instruments for various applications.
LiteScope and CPEM technique has been utilized for the in-situ surface characterization and
quality control of FIB-induced integrated circuit (IC) delayering process. This process is very important for IC failure analysis on latest semiconductor technology nodes, where it replaces the
traditionally used mechanical polishing. During the FIB delayering process, gases are necessary
to equalize FIB milling rates on different materials and to thus obtain perfectly flat surfaces. AFM
measurements were used to confirm the surfaces‘ flatness and their suitability for nanoprobing
(slightly raised metal/via and transistor contacts over the insulator/dielectric layers), see figure 1.
Moreover, CPEM enable to precisely determine roughness of the surface together with the correlative 3D imaging proving the accessibility of requested IC layer after the delayering process.
Such surface quality checking is very important to be sure the sample is well prepared to the
following nanoprobing measurements. No obstacles, such as oxide layers, mechanical damage
or intermixing between layers should be detected. Due to the CPEM technique correlation of SPM
and SEM can be performed in the nanometer scale hardly achievable with traditional approach.
Correlative Probe and Electron Microscopy (CPEM) is based on the different principle than traditional approach of correlative microscopy of the SEM and SPM techniques. In the past both
techniques were already integrated but used separately. Therefore, the comparison of obtained
images was very difficult and misleading due to different scanning systems, image distortions,
resolutions etc. Using CPEM technology electron beam is focused close (100 nm) to the SPM tip,
where scanning is made by piezo scanner with the sample. During the measurements distance
between the tip and electron beam is constant, see figure 2. Simultaneous collection of SPM and
SEM signals enables simultaneous imaging of the slightly shifted areas by SEM and SPM. The
shift is simply eliminated during the post-processing. Obtained images can be correlated very
easily due to their identical scanning system and coordinates. Images can be directly correlated
without any further data processing, where each pixel is represented by the X, Y, Z coordinates
given by SPM and color (mask) corresponding to the one or more signal from SEM detectors.
CPEM can accommodate several more signals from different detectors or related techniques like
EBIC or CL. Each signal is then represented by the unique mask and can be used for the further
image analyses.

74

EUFN 2017 - July 4–5 - Graz, Austria

Fig. 1: AFM measurements on the transistor layer after FIB-induced IC delayering
process. The flatness of the delayered surface was confirmed: Ra = 2.02 nm, Rms
= 2.56 nm, Peak-to-peak = 10 nm.

Fig. 2: Schematic view of the CPEM principles and set-up. 3D CPEM images are presented utilize
AFM topography and SEM images as a mask layer.
Summary:
We have demonstrated CPEM technique utilized by LiteScope AFM integrated in TESCAN FIB-SEM
instrument. FIB-induced IC delayering is one of the most interesting applications of CPEM method.
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3D EDX microanalysis by FIB-SEM
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3
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FIB Nanotomography offers a high resolution when the electron beam energy is in the
range of 1-2 keV. At this energy the escape depth of electrons is in the range of a few
nanometers. Tomography data with isometric voxels of a few nanometers in size can be
acquired automatically. The EDX analysis however requires a beam energy typically in
the range of 8-15keV and depends on the ionisation energy for the different elements
present in the sample.
The large scattering range of electrons in a bulk sample has always been a limitating
factor for the spatial resolution quantitative X-ray analysis (e.g. EDX) in SEM. However,
in some special cases, a good understanding of the variation of the X-ray ionization yield
with depth had lead to procedures to get partially over this limitation. For example, in
the case of multilayer (stratified) samples, it is possible to calculate both layer thicknesses and composition. In the general case, however, the structure below the surface is
unknown which leads to an uncertainty on the quantified composition.
Recent progress [1] in software development allows switching between the imaging
conditions (HT, image pixels size, slice thickness) and EDX conditions (HT, mapping pixel size, intervals between EDX maps). The system will acquire a certain number of SE
and BSE images at low kV will then switch to the higher voltage required for the EDX
map and acquire an EDX elemental distribution map with a larger pixel size. After the
acquisition of the EDX map the imaging conditions will be restored and the acquisition
will continue with a sequence of images until the next EDX map will be due. This way
complementary data sets can be acquired.
In this tutorial new possibilities and also the limits of 3D EDX by FIB-SEM will be explained and illustrated.
[1]
M. Cantoni, L. Holzer, Advances in 3D focused ion beam tomography, (2014) MRS Bulletin, 39 (4), pp. 354-360.
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Fig 1: 3-D reconstruction of a Solid Oxide Electrolysis Cell (SOEC) obtained by FIB-SEM/EDX with
different imaging conditions for SEM imaging (1.8kV) and EDX mapping (10kV).
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The JIB-4700F – JEOLs new high performance
FIB multi-beam system
Building on this history in electron optics, JOEL has recently released an all new high
performance FIB multi-beam system, the JIB-4700F. The JIB-4700F was designed with
the needs of modern high-end users in mind. With high-resolution FEG SEM optics
combined with a high-poer FIB column, the JIB-4700F provides high-end imaging as
well as fast and precise milling and pattering capabilities. The system is an ideal tool
for a such as the preparation of high-quality TEM lamellas, 3D imaging, EDS as well as
EBSD.
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3D-Nano-Printing via Focused Electron Beams:
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Focused Electron Beam Induced Deposition (FEBID) is an additive, direct-write fabrication technology, typically available on almost each Dual Beam Microscope (DBM). Although FEBID is mostly used for the fabrication of planar structures on the micro- and
nanoscale, it has recently been demonstrated that this technology is capable to fabricate
complex, freestanding 3D-structures with feature sizes down to 20 nm on almost any
substrate material and morphology. Together with its increasing flexibility in materials
choice, FEBID emerges from a versatile lab-technology into a 3D nano-printing technology with currently unsurpassed 3D possibilities on the nanoscale [1].
As the complexity of the FEBID process often prevented the fabrication of predictable
and reproducible 3D architectures in the past, we here shed light on the relevant process
parameters and give a practical guide towards stable 3D nanofabrication.
We start the tutorial with a short introduction how 3D FEBID works and discuss the ideal
choice of primary electron energies and beam current. Next, we focus on the influence
of pixel point pitch and pixel dwell times on growth rates. Furthermore, the implications
of the gas injection system are demonstrated, leading to the discussion of a suitable
working regime. After that, we introduce a special patterning strategy (3D-interlacing)
to enable stable fabrication of even complex 3D-nanoarchitectures (Fig. 1) [2]. To eliminate the cumbersome trial and error approach used in the past we present a simulation
based 3D-generator software package [3], leveraging this technique into the status of
a predictable 3D-nano-printer. The tutorial is complemented by a discussion of drift-,
co-deposition-, and charging-issues. In addition, tips and tricks from a more practical
point of view finally provide first guidelines towards the fabrication of true 3D nanoarchitectures via FEBID.
[1] Hirt, L.; Reiser, A.; Spolenak, R.; Zambelli, T. Additive Manufacturing of Metal Structures at the
Micrometer Scale. Adv. Mater. (2017), 201604211, 1
[2] Winkler, R.; Schmidt, F.-P.; Haselmann, U.; Fowlkes, J. D.; Lewis, B. B.; Kothleitner, G.; Rack, P. D.;
Plank, H. Direct-Write 3D Nanoprinting of Plasmonic Structures. ACS Appl. Mater. Interfaces (2017),
9 (9), 8233
[3] Fowlkes, J. D.; Winkler, R.; Lewis, B. B.; Stanford, M. G.; Plank, H.; Rack, P. D. Simulation-Guided
3D Nanomanufacturing via Focused Electron Beam Induced Deposition. ACS Nano (2016), 10 (6),
6163

82

EUFN 2017 - July 4–5 - Graz, Austria

Fig. 1: Two example for complex 3D FEBID structures fabricated from a MeCpPt(IV)Me3 precursor.
Top: Artificial Pt-C lattice. Bottom: Miniature of Louvre glass pyramid in a scale of 1:8000000 on a
FIB pre-structured silicon wafer.
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Hyperbolic cavitities as tunable platform for
spontaneous emission enhancement of dye molecules
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Nanostructures consisting of metals, especially of coinage metals, play a particularly important role in emitter coupled systems due to their strongly resonant behaviour when
being excited by visible light. Such material and geometry dependent resonances (plasmon-polaritons) provide for extreme evanescent light localization as well as for efficient
and if needed directed scattering. The tuning of these resonant phenomena by proper
choice of the metals in combination with a specially designed geometry delivers the
necessary degrees of freedom for spectrally matching in principle any type of coupling.
One option to sensitively tune hybrid interactions is the dedicated arrangement of plasmonic building blocks as meta-atoms in two-or three-dimensional functional geometries, called metamaterials in general and hyperbolic metamaterials (HMMs) for 2D layered systems. Hyperbolic metamaterials belong to the anisotropic metamaterials showing
metallic behaviour in-plane (Ɛ┴< 0) and strong dielectric behaviour out of plane (Ɛ║> 0)
or vice versa. Such indefinite permittivities can result in enhanced spontaneous emission
rates of quantum emitters [1].
To systematically investigate the resonant features of hyperbolic cavities, Ga beam nanopatterning of silver and silicon dioxide multilayer-systems is applied. The layer thickness
is around 20 nm and the number of double layers (unit cells) is varied. The resulting cavities have sizes ranging from 100 nm up to 400 nm in width (see Figure) and 80 nm to
160 nm in height. Optical dark-field spectroscopy revealed the existence of both tunable
and energy-fixed resonances of the fabricated cavities which of both type are currently
under theoretical investigation [2].
Once fully understood, both spectral matching with emitter absorption and/or emission
as well as maximized local field overlap of the cavity resonances with the position of the
respective emitter can be achieved for an optimized radiative emission enhancement.
The latter is tested using the laser dye Rhodamine 6G which is embedded in-between
one of the dielectric layers in the HMM with different distances to the respective silver
interfaces. In combination with Rhodamine 6G the corresponding cavities experimentally show distinct spectral changes in scattering, which will be further investigated numerically.
[1] Lu, D.; Kan, J. J.; Fullerton, E. E.; Liu, Z. Enhancing Spontaneous Emission Rates of Molecules
Using Nanopatterned Multilayer Hyperbolic Metamaterials. Nat. Nanotechnol. 2014, 9 (1), 48–53.
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[2] Busch, K.; König, M.; Niegemann, J. Discontinuous Galerkin Methods in Nanophotonics. Laser
Photon. Rev. 2011, 809 (6), 773–809.

Fig. 1: Scanning electron micrographs of hyperbolic cavities with three unit cells consisting of 20
nm Ag and 20 nm SiO2. The dye was embedded in one of the respective SiO2 layers with varying
distances to the silver interface from 2 – 10 nm.
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Remove Focus Ion Beam curtaining caused by
different layers and cavities within 60μm deep
structures.
A.Orel*, B.Lechner
Infineon Technologies Austria AG
Siemenstrasse 2, A-9500 Villach, Austria
Birgit.Orel@infineon.com
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Described below are different attempts to remove focused ion beam curtaining caused
by cavities within 60μm deep structures. The problem is to evaluate the bottom of the
deep structures in the event of curtaining. The method comprises varied directions of
focused ion beam cross sections and filling up the cavities. Satisfying results are achieved
with a combination of filling of the cavities and a diagonal FIB cut.
Results:
As an example for deep structures, 60μm deep trenches were used. The trenches show
different layers which are difficult to fill near the center of the trench, which means cavities are generated. The standard procedure for FIB cross sections is to make the cut from
bottom to top. The preliminary cut shows significant curtaining, as does the precision
cut, so different methods for cutting a cross section need to be explored.
The pre cross section for a bigger field of view was performed with the single beam Xenon Plasma FIB VION from FEI which works with xenon ions. It is possible to create much
larger cross sections in less time with the Plasma FIB. The following FIB cross sections
were created with the dual beam FIB Helios 600 from FEI, which works with gallium ions.
With the dual beam FIB, it is possible to slice and view after each cut for the best lateral
solution. There is no visible difference in the quality of the results from gallium or xenon
ions for FIB cross sections. Ideally a dual beam plasma FIB should be used.
The standard cross section of the precision cut was typically done with the dual beam
FIB; the cleaning cross section box was set with no angle and the cutting direction was
from bottom to top. The picture of the trenches showed strong curtaining caused by
layer interphases and cavities. As the picture shows, it was not possible to evaluate the
bottom of the trench to evaluate different layer interphases, so different methods were
tried. (Figure 01; arrow shows the cutting direction)
Preparing for the first test phase, the sample was tilted at an angle of 20 degrees and
the edge of interest was rotated vertically 180 degrees to set the cutting direction from
left to right. The curtaining shown by the pictures allows no possibility of making a conclusion regarding the bottom of the trenches. (Figure 02)
For the second test, two cutting directions were used. The sample was again rotated 180
degrees at an angle of 20 degrees. The first cutting directing was set from left to right.
For the second cutting direction from right to left, the sample needed to be rotated 180
degrees but still at a tilting angle of 20 degrees. This method fulfills the requirements
to remove the curtaining to evaluate the bottom of the trenches. (Figure 03) To get best
resolution with much less curtaining, the cavities are filled with two-component conductive glue in the next step.
For the third test, the FIB cut at the sample was prepared with conductive glue to fill
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the cavities. To best get the conductive glue into the cavities, the sample was put into
a vacuum for 2 minutes. For the best result, the FIB cross section was created at the set
tilt of 20 degrees and the cutting direction from right to left. (Figure 04) The outcome of
phase 2 shows good results, but the best results were reached in phase 3.

Figure 01.01

Figure 01.02

Figure 02.01

Figure 02.02

Figure 03.01

Figure 03.02

Figure 04.01

Figure 04.02
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Pico-Second Laser and Broad Argon Beam Tools
For Characterization Of Advanced Packages And
Devices
Andreas Kastenmüller and M. Hassel Shearer
Gatan Inc. 5794 W. Las Positas Blvd. Pleasanton Ca. 94588 USA

INTRODUCTION
“More than Moore” is emerging as one of the solutions to continue the means for increasing speed and functionality of semiconductor devices since geometry scaling is nearly
impossible going forward. Although, this methodology relaxes the pressure to find new
materials and extremely expensive front end production tools used by process engineering it may increase the difficulty confronting Failure Analysis Engineers.
A key tool set for Failure Analysis Engineers has been and will continue to be electron
and ion microscopes. Electron microscopy imaging and analytical techniques have been
pushed to 0.1nm resolution over planar areas as large as 10x 10 microns with device
geometries shrinking to the 5 to 10 nm design rules. More than Moore maintains the
same planar resolution but with advanced packages and stacked chips, cross sectional
depths increase to perhaps as large as a few millimeters. Until now, mechanical polishing
or FIB have been the tools of choice for preparing cross sections for Failure Analysis. Mechanical preparation may be limited due to the increased fragility of the silicon devices
thinned to less than 50 microns within these advanced packages. While Ga FIB’s and
newer Plasma FIB’s may not have sufficient milling speed necessary to expose regions
within a large thick package or cross sectional surfaces of stacked chips.
An alternative or compliment to FIB, may be a precision pulsed laser tool designed specifically for these applications. These tools have “milling rates” orders of magnitude faster
than FIB’s. This higher speed can be utilized to cross section complete packages.
In this paper, a workflow consisting of a pico-second laser tool (microPREP TM) followed
by a Broad Argon Beam tool is proposed as a solution for extremely large area preparation with surfaces suitable for SEM and FIB based analysis directly after polishing in the
broad argon beam tool. The advantage of the broad argon beam tool vs. a FIB is that
areas mm’s by mm’s in size can be observed
Results will be presented discussing the advantages of this workflow in terms of speed,
size and quality of the surface for electron microscopy analysis. Anticipated enhancements that will come as the technique is developed will be discussed.
CROSS SECTIONING A MOBILE PHONE HOME BUTTON
As an example of the proposed workflow consisting of pico-second pulsed laser plus
broad argon beam tool for SEM analysis is shown in the following slide. A commercially
available mobile phone home button was cross sectioned using the microPREP. The full
area 5mm wide and 1mm thick button was cross sectioned in less than 45 minutes and
then subsequently polished in a Broad Argon Beam Tool for 1 hr. The argon beam tool
is used to remove the Heat Affected Zone caused by the laser and results in a surface
suitable for High Resolution SEM Imaging, EDS or EBSD across large regions of interest.
The most important point to note on Figure 1 is the 1000um scale bar. Therefore, it is
possible to view the complete cross section of the packaged device and identify areas of
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concern and perform high resolution analysis directly from this preparation technique
no matter where in the device a failure has occurred.

FIGURE 1. SEM IMAGE OF CROSS SECTION OF MOBILE PHONE HOME BUTTON PREPARED BY A
LASER ABLATION TOOL FOLLOWED BY A BROAD ARGON BEAM TOOL.

KEYWORDS
Pico-second laser ablation, broad argon beam tool, advanced packages
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Exhibitor

Sample Preparation for Semiconductor Process
Technology Development and Advanced Packaging Analysis using Plasma FIB
S. Madala and D.M. Donnet*
Thermo Fisher Scientific, 5350 NE Dawson Creek Drive, Hillsboro Oregon, USA
corresponding author email: david.donnet@thermofisher.com

*

Semiconductor process development, 3D integration and advanced packaging technologies come with increased complexity. Introduction of new processes and materials pose
severe challenges for process qualification and reliability assurance. There is a strong demand for physical characterization, failure analysis and in particular, for tools and techniques that allow for easy navigation and access to buried ICs, structures, interconnects,
interfaces and related failure sites with dimensions ranging from few microns to several
100s of microns. Cleaving, Mechanical polishing, Focused Ion Beam (FIB) milling, broad
beam ion milling, laser chemical etching, Dry/Wet etch and various other techniques
are employed by sample prep experts for semiconductor device characterization and
failure analysis. Each of these techniques have benefits but also limitations with respect
to size, accuracy, controllability and repeatability. Plasma FIB is an excellent candidate
to overcome many of these limitations and we will discuss the application of Plasma FIB
based sample preparation techniques for nanoProbing (SEM and Atomic Force Probing),
x-ray tomography, Failure Analysis of 2.5/3D device structures and advanced packaging
materials. We will share results from deprocessing and lamella preparation of advanced
technology node samples and large area cross-sections of 2.5D and 3D samples, all collected using the latest PFIB platform from Thermo Fisher Scientific.

Figure 1. Examples of sample preparation using Plasma FIB technology.
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Polyatomic Ions from Liquid Metal Alloy Ion
Sources for Broad Beam Ion Irradiation
W. Pilz1,2, L. Bischoff1*, R. Böttger1, P. Laufer2 and M. Tajmar2
Helmholtz-Zentrum Dresden-Rossendorf, Bautzner Landstrasse 400, 01328 Dresden
Technische Universität Dresden, Institute of Aerospace Engineering, 01307 Dresden

1
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corresponding author email: l.bischoff@hzdr.de

*

Surface patterning based on self-organized nano-structures on i.e. semiconductor materials formed by heavy mono - and polyatomic ion irradiation from Liquid Metal (Alloy)
Ion Sources (LMAIS) is a very promising technique [1,2]. To overcome the lack of only
very small treated areas by applying a Focused Ion Beam (FIB) instrument this technology was transferred into larger single-end ion beam systems like an ion implanter. Main
component is an ion beam injector based on high current LMAIS, developed for space
propulsion systems [3] combined with suited ion optics allocating ion currents in the
μA range in a nearly parallel beam of a few mm in diameter. The mass selection of the
needed ion species can be performed either by an introduced ExB mass separator (Wien
filter) and/or the existing magnet of the ion implanter itself which also can define the
final ion energy up to 200 keV.
Different types of LMAIS [4] (needle, porous emitter, capillary) are presented and characterized, see Fig. 1. The ion beam injector design is specified as well as the implementation of this module into a high current ion implanter (Danfysik Series 1090) operating at
the HZDR Ion Beam Center (IBC). The obtained results of a large area surface modification (mm²) of Ge at room temperature using Bi2+ polyatomic ions from a GaBi capillary
LMAIS is presented and compared with the small area dot structures (μm²) made by
mass separated FIB as shown in Fig. 2.
[1] L. Bischoff, K.-H. Heinig, B. Schmidt, S. Facsko and W. Pilz, Self-organization of Ge nanopattern
under erosion with heavy Bi monomer and cluster ions, Nucl. Instrum. Methods B 272 (2012), 198.
[2] R. Böttger, L. Bischoff, K.-H. Heinig, W. Pilz and B. Schmidt, From sponge to dot arrays on (100)
Ge by increasing the energy of ion impacts, J. Vac. Sci. Technol. B 30 (2012), 06FF12.
[3] M. Tajmar and B. Jang, New materials and processes for field emission ion and electron Emitters,
CEAS Space J. 4 (2013), 47.
[4] L. Bischoff, P. Mazarov, L. Bruchhaus and J. Gierak, Liquid metal alloy ion sources - An alternative
for focused ion beam technology, Appl. Phys. Rev. 3 (2016), 021101.
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Fig. 1: The I-V curve describes the behavior of LMAIS depending on the applied extraction field for
three types ion emitters. a) normal hairpin needle emitter, b) porous W-emitter, c) capillary Ta emitter. The insets show pictures of the certain ion emitters.

Fig. 2: Scanning electron micrographs from a dots matrix on Ge made by 30 keV Bi2 + irradiation
(Ibeam ~ 0.5 μA) at RT and normal incidence from an 1090 ion implanter (a) and from a mass
separated FIB system (b).
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Ion channelling contrast to reveal structure and
crystalline architecture of a LiNi0.47Mn1.53O4
battery material
Manuel Mundszinger1*, Tobias Wälde1, Jörg Bernhard1, Marilena Mancini2, Peter Axmann2, Ute
Golla-Schindler1, Gregor Neusser3, Margret Wohlfahrt-Mehrens2, Ute Kaiser1
Ulm University, Central Facility for Electron Microscopy, Group of Electron Microscopy of
Materials Science, Albert-Einstein-Allee 11, 89081 Ulm, Germany
2
Zentrum für Sonnenenergie- und Wasserstoff-Forschung Baden-Württemberg (ZSW),
Helmholtzstrasse 8, 89081 Ulm
3
Ulm University, Institute of Analytical and Bioanalytical Chemistry, Albert-Einstein-Allee 11,
89081 Ulm, Germany

1

corresponding author email: manuel.mundszinger@uni-ulm.de

*

The lithium ion battery (LIB) is one of the key components for electrical vehicles (EVs).
But the current technology suffers from low energy density and high costs. The high
price for a LIB is caused by the use of rare materials like cobalt. To tackle the challenge
of the low energy density, the working potential of the active materials can be increased
[1]. In this work, a cobalt free polycrystalline high voltage LiNi0.47Mn1.53O4 (LMNO)
cathode material was characterised via ion channelling.
Fig. 1a shows a SEM image of a LMNO particle. The sharp and rough surface gives a first
hint about the polycrystalline nature of this material. FIB cross sections were performed
(see fig.1b) and revealed a cracked inner build together with light grey scale variations,
which is electron channelling. Only ion channelling gave the needed contrast to clearly
visualise the crystal grains within the LMNO particle (see fig.1c). To ensure that ion channelling reveals the actual grains, a comparison experiment with electron backscattered
diffraction (EBSD) and ion channelling on the same particle was performed (see fig.1d).
Because of the relatively fast and convenient data acquisition via ion channelling, several
differently sized particles could be investigated and the sizes of the crystal grains and
the number of grains of the FIB cross sections could be determined. Fig. 2a shows the
average grain size and fig. 2b the grain number, both drawn over their cross section
area. The results indicate that the grain size and the number of grains within a particle
increase while the particles grow in size.
This work was performed within the LiEcoSafe project, funding by the BMBF (03X4636C)
is highly acknowledged.
[1] P. Axmann, G Gabrielli; Tailoring high-voltage and high-performance LiNi0.5Mn1.54O4 cathode
material for high energy lithium-ion batteries; Journal of Power Sources 301 (2016), 151-159.
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Fig. 1: (a) Secondary electron image at 1 kV of a LMNO particle. (b) FIB cross section
of a LMNO particle. (c) Ion channelling of a LMNO FIB cross section. (d) Comparison
between an EBSD investigation (left) and an ion channelling image (right) of the same
particle FIB cross section.

Fig. 2: (a) Average grain size over the respective particle cross section. The grain size
increases with increasing cross section area. (b) Grain number over the respective particle cross section. The number of grains increases with increasing cross section area.
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Using of X-Ray to quantify thickness and composition of thin films and multilayers TIGBT.
D. Pleha1, V. Hrachovec1, T. Drab1
1

ON Semiconductor, Czech republic

The effort to miniaturize semiconductor components leads to the use of increasingly
submicron technologies with smaller details and thinner layers. This effort of manufacturers brings high demands on analytical methods for failure analysis or process control
of production. A special semiconductor area is the use of thin layers and multilayers,
both on the front of the wafer (active area) and on the back (gettering layers, etc.). The
thickness, homogeneity and composition of these layers essentially influence the electrical characteristics of the components and has a significant effect on their reliability.
Especially due to the control of manufacturing process, it is necessary to be able to accurately, quickly and reliably measure these thin layers and multilayers.
The purpose of the article is to describe and compare available methods, their accuracy,
effectiveness and usability for both process control and defect analysis.
Acknowledgement:
We acknowledge support received from Technology Agency of the Czech Republic within
grant TE01020233 (AMISPEC).
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FIBSIMS: Analysis of the sample composition by
Secondary Ion Mass Spectroscopy
Lex Pillatsch1, Fredrik Östlund2 and Johann Michler1
Empa (Swiss Federal Laboratories for Materials Science and Technology), Laboratory for Mechnics
of Materials and Nanostructures, Feuerwerkerstrasse 39, CH-3602 Thun, Switzerland
2
TOFWERK AG, Uttigenstrasse 22, CH-3600, Thun, Switzerland

1

corresponding author email: lex.pillatsch@empa.ch

Modern FIBSEM instruments use the FIB beam for milling and secondary electrons for
analyzing the surface topography. The integration of a mass spectrometer allows measuring the chemical composition of the sample. Sputtered ions by FIB are collected and
selected according to their mass by an orthogonal TOF [1][2]. The presented mass spectrometer based on the time of flight principle to select masses, allows for parallel mass
detection (Figure 1) of all elements of the periodic table. With regard of the small volume sputtered, no elemental information gets lost.
With the orthogonal TOF, concentrations down to the ppm level can be detected. The
high lateral resolution (<50 nm) set mainly by the small beam diameter and the induced
collision cascade allows to detect small features. A depth resolution of <10 nm facilitates the analysis surface coating respectively multilayer samples. The capability to differentiate isotopes opens up the capability to measure isotopic ratios and to track element
migration in isotopic labelled samples.
The combination of FIBSIMS with other surface analysis methods allows to reveal the
required sample properties. With modern FIBSEM instruments it is thus possible to visualize the sample by SEM, to measure the crystallinity by EBSD and to define the elemental
composition and concentration by EDX and WDX as well as to detect trace elements and
isotopes by FIBSIMS.
In this presentation, the capabilities of secondary ion mass spectroscopy in combination
with a focussed ion beam will be presented. The strength and the limits of this measurement method will be discussed. The performance of this analysis method is shown on
typical application examples such as metals (Figure 2), semiconductors, coatings and
multilayer samples. The combination of FIBSIMS with other surface analytical methods
will be discussed.
[1] J.A. Whitby et al, Advances in Materials Science and Engineering, 2012, article ID 180437
[2] D. Alberts et al, Instrumentation Science & Technology 2014 DOI: 10.1080/10739149.2013.878843.
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Figure 1: The incoming ion beam is pulsed by an electric field in orthogonal direction to the initial
flight ion trajectory. The principle of mass selection is based on the time of flight particles need for
the set distance between the pulser and the detector.

Figure 2: Ca migration at grain boundaries of a Mg alloy with hard-phase skeleton. Mapping of the
elemental composition of a sample is a standard application for SIMS.
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Use of Focused Ion Beam as a Tool for the
Growth Control and Contacting of ZnO Nanorods
S. Chlupova1*, A. Schenk1 , J. Vanis1 and J. Grym1
Institute of Photonics and Electronics, Czech Academy of Sciences, Chaberská 57, 18251,
Praha 8 - Kobylisy, Czech Republic

1

corresponding author email: chlupova@ufe.cz

*

Zinc oxide (ZnO) is very well known semiconductor material with wide direct band gap
(Eg~3.3 eV at 300 K) and its nanostructures are subjects of interest in many research
groups mainly for their extreme potential in countless applications.
We present our results of a preparation of vertical arrays of ZnO nanorods. The arrays
are prepared by a hydrothermal growth through a poly(methyl methacrylate) (PMMA)
mask on a gallium nitride (GaN) substrate. The PMMA and the GaN are both patterned
with focused ion beam. Furthermore we offer results of the characterization by Scanning
Electron Microscopy (SEM) of ZnO nanorods and Pt contacts prepared by a focused ion/
electron beam induced deposition (FIBID/FEBID). The insight into the procedure of the
preparation of vertical arrays of ZnO nanorods is also provided. We compare the arrays
with various parameters of the preparation and discuss the results. Moreover the preparation of platinum contacts, characterization of their electrical attributes and methods
of separation and contacting of a single ZnO nanorod for electrical measurements are
presented.
Patterning, characterization as well as FIBID/FIBID are performed in Tescan LYRA III.
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Fiber Facet Photonic Structures made by Ga+
Focused Ion Beam
J. Vaniš1*, M. Vanek1, F. Todorov1 and P. Honzátko1
1

Institute of Photonics and Electronics of the CAS, Chaberská 57, Prague, Czech Republic

corresponding author email: vanis@ufe.cz

*

We report on fabrication of 1D binary diffraction gratings by Ga+ Focused Ion Beam
(FIB) directly at the facet of the fused silica optical fiber. An example of prepared structure is shown in Fig.1. The diffraction gratings were designed using ARCWA – aperiodic
rigorous coupled wave analysis code and FDTD (MIT MEEP) code. For the structure preparation Tescan Lyra3 apparatus equipped with Scanning Electron Microscope (SEM),
Ga+ FIB, Gas Injection System (GIS), and Time of Flight Secondary Ion Mass Spectroscopy TOF-SIMS was used. Thin surface conductive layer on fiber facet was prepared
to overcome its charging during fabrication process. We discuss usage of spin coated
AquaSave layer, evaporated carbon layer and in-situ GIS evaporated platinum layer.
This work was supported by the Czech Science Foundation project No. GA1507908S. We also thank P. Kwiecien for his RCWA code used for simulation and
design of fabricated anti-reflection grating.

Fig.1:Scanning electron microscopy image of
fabricated anti-reflection grating.
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Investigation of FIB milling on various type of
gold nanostructures
M.M. Shawrav1*, N. Cazier1, S. Waid2, M. Schinnerl2, H. Wanzenboeck2, E.Bertagnolli2 and S.
Schmid1
Micro and Nanosensors Group, Institute of Sensor & Actuator Systems, TU Wien, Vienna 1040
Austria 2 Bionanobeam Group, Institute of Solid State Electronics, TU Wien, Vienna 1040 Austria

1
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*

Focused Ion beam (FIB) is one of the versatile tools in modern research, which offers
both additive and subtractive nanofabrication possibilities. The subtractive part or FIB
milling is very popular nano-analysis method and ideal way to investigate samples with
small feature size. Among various other materials, FIB can be used to process gold nanostructures. This work will compare the FIB milling of gold nanostructures fabricated
on different substrate.
At first, gold nanostructures were deposited using Focused Electron Beam Induced Deposited (FEBID) on a standard Silicon Sample. In order to protect the top layer from Ga+
implantation, a capping layer platinum was deposited on top of gold layer. The capping
layer with corresponding FIB cross section is presented in Fig.1.
In the second step, a metal oxide semiconductor capacitor [1] was fabricated by FEBID
of gold on top of atomic layer deposited of Al2O3. To investigate the effect of capping
layer, no protected layer of platinum was deposited. The FIB cross section is presented in
Fig.2, where a damaged top layer can be seen from the SEM image.
In the last step, gold was lithographically patterned on top of silicon nitrite membrane
resonator. It was possible to achieve sub-50 nm cut with the Focused Ion Beam. The
effect of this cut on the resonance properties of the silicon nitrite membrane resonator
will be shown.
In summary, this work will discuss the effect of FIB milling on different types of gold
nanostructures used in various applications.
[1] M.M. Shawrav, H.D. Wanzenboeck, D. Belic, M. Gavagnin, O. Bethge, M. Schinnerl, E. Bertagnolli (2014). Mask-free prototyping of metal-oxide-semiconductor devices utilizing focused electron
beam induced deposition. Phys. Status Solidi A, 211: 375–381.
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Fig. 1: Fib cross section of a FEBID gold deposition. A layer of platinum capping
layer and gold layer are visible.

Fig. 2: FIB cut on a MOSCAP structure. A damaged top layer can be seen.
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NanoSpace : An Analytical FIB-SEM at Ultra-High
Vacuum for Ultimate Performances
E. Verzeroli1, A. Delobbe1, A. Houel1,JB. Mellier1*
Orsay Physics, Fuveau, France
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Orsay Physics launches NanoSpace the unique analytical FIB-SEM (Scanning Electron Microscope and Focused Ion beam) instrument working in ultra clean environment (pressure condition below 5.10-10 mbar inside the chamber). NanoSpace offers the only
customized and complete solution for FIB nanomachining and surface analysis on samples requiring the most rigorous contaminant-free environment. This UHV instrument is
developed with a modular architecture allowing a large choice of SEM and FIB columns
that matches end-users specific needs and goals.
Moreover, the specifications of the system will be detailed in terms of beam performance (SEM and FIB) and functionalities like the 6 axis UHV compatible stage (samples
up to 100 mm in length and width) or the UHV compatible Gas Injection System (GIS).
NanoSpace is a conveniently versatile system which can also be connected in-situ to a
third party UHV compatible (e.g. Molecular Beam Epitaxy system, Synchrotron facility
…).
In this talk, several use cases (configuration and applications) will be presented in order
to emphasize the tool’s modularity.
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Plasma FIB artefact-free milling using TRUE Xsectioning technique
M. Šikula1*, T. Hrnčíř1, M. Hrabovský1 and J. V. Oboňa2
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*

The Focused Ion Beam (FIB) and the Scanning Electron Microscopy (SEM) are essential
techniques for failure analysis of microelectronic devices or material science. For larger
cross sections with dimensions exceeding 100 μm, use of Xe plasma FIB is much more
convenient due to FIB milling rate increased approximately by a factor of 50 [1]. However, two parameters of the cross-sectioning are crucial – the fast milling rate and the
high quality of the surface, with no damage or artefacts. While protection layer deposition and multi-tilt stage [2] bring significantly reduced curtaining effect on the most
of samples, there are still some materials which exhibit quite poor cross-section quality
due to the effect of FIB-induced artefacts (ripples, stairs, terraces). Therefore we propose
simple method (TRUE X-sectioning) of the beam shape modification for quality increase
of FIB milling on these difficult samples.
Hard mask made of silicon is brought by the nanomanipulator tip above the sample
surface, see Fig.1 (left). Precise nanomanipulator movements allow placing the mask
exactly above the cross section site. FIB is then directed towards the sample, covered by
the mask; see Fig. 1 (right). As the mask is made of silicon, the material with absence of
artefacts during FIB milling, it shields a part of FIB spot, making the beam profile much
sharper on the cross section. FIB current is still kept much higher when compared to Ga
FIB, therefore the preparation of such cross section by plasma FIB is still much faster
when compared to Ga FIB. The typical cross section, created by plasma FIB on the sample
containing polyimide, is shown in Fig. 2 (left). The quality of the cross section surface
is poor due to the presence of typical artefacts and metal layers below the polyimide
are copying the ripples, stairs and terraces coming from the polyimide layer. Such cross
section is therefore not suitable for the failure analysis. Preparing the protection layer
on the sample surface (by FIB deposition of platinum or tungsten) does not improve the
situation very much. However, the new method provides an excellent cross-section face
quality within short time frame, see Fig. 2 (right). The same comparison is shown for SiC,
see Fig. 3, which is also challenging sample.
[1] T. Hrnčíř et al., ISTFA 2012: Conference Proceedings from the 38th International Symposium for
Testing and Failure Analysis (2012), p. 26.
[2] T. Hrnčíř et al., ISTFA 2014: Conference Proceedings from the 40th International Symposium for
Testing and Failure Analysis (2014), p. 136
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Fig. 1: Site specific mask placement over the region of interest (left) and preparation of the
crosssection by milling through the mask (right).

Fig. 2: Standard cross-section of the polyimide layer on top of the crack-stop structure (left) and
the same one prepared using TRUE X-sectioning technique (right)..

Fig. 3: Standard cross-section of SiC sample (left) and the same one prepared using TRUE Xsectioning technique (right).
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Physical failure analysis thrives on inspecting microprocessor devices with deprocessing.
It was initially undertaken using techniques like wet chemical methods, RIE and mechanical manual polishing. These techniques fail to meet the requirements of the scaling
down of the transistor nodes. Mechanical polishing is immensely abrasive, produces
rough surfaces and is not localized shown in Fig.1. An effective tool for avoiding limitations of mechanical polishing is Xe plasma FIB based delayering. In presence of a gas
chemistry, a FIB can deliver very smooth surfaces removing multiple metal layers from
the top and the entire process can be controlled using end point detection Fig.2. The
devices thus „excavated“ are fully functional and thus make novel techniques like Nanoprobing to perform successful failure analysis Fig.3 [1-4].
[1] P. Carleson P et al., “Delayering on Advanced Process Technologies using FIB,” 40th ISTFA Conf.
Proc. (2014).
[2] R. Alvis, et al, “Plasma FIB DualBeam: Delayering for Atomic Force nanoProbing of 14 nm FinFET
Devices in an SRAM Array” 41st ISTFA Conf. Proc. (2015)
[3] T. Hrnčír et al., 41st ISTFA Conf. Proc. (2015)
[4] J. V. Obona et.al, “Delayering of 14 nm Node Technology IC with Xe Plasma FIB” Eur. Micro.
Cong. Proc (2016)
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Fig. 1: Intel Skylake processor mechanically polished with a very rough surface and eventual loss of
devices near the edges.

2: a) High resolution image of the transistor contact layer (TCL) for Intel Skylake processor; b) End
point detection distinguishing metal layers from the via layers started from Metal 6 layer all the
way to the TCL.

Fig. 3: a) High resolution image of the transistor contact layer (TCL) being probed with Kleindiek‘s
Probe Shuttle; b) Probe shuttle control capturing signal from 3 out of 8 nanoprobes that have landed on the transistor layer.
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Nanostructuring of metal surface by nanoimprinting requires dies with features in the
micro- and nanometer range. Diamond was chosen to provide a sufficient fracture
toughness and wear resistance.
Diamond is a challenging material for precise fabrication using focused ion beam (FIB)
due to its low sputtering yields and tendency for creation of nano-terraces at high beam
currents. A combination of high-performance Xe-PlasmaFIB milling with high-resolution
Ga-FIB nanostructuring was proven to be a feasible approach for fabrication large tool
geometries with precise sub-micron scale features.
Raw diamond tips with conical shape (provided SYNTON-MDP) commonly used for nanoindentation ware used as a starting point to create nanoimprint dies with multiple
dimensions ranging from 1 µm to 100 µm.
The Xe-PFIB was used to cut the coarse geometry of the pillars. Fine polishing and structuring of pillars was done with the Ga-FIB. Five processing steps were done in total as
shown in Fig.1: 1. Remove the tip (Xe PFIB), 2. Cut the rear Pillar (Xe PFIB), 3. Polish the
top and flanks of the pillar (Ga FIB), 4. Structuring (Ga FIB), 5. Final polishing (Ga FIB).
					
[1] Ast, J., Durst, K: Nanoforming behaviour and microstructural evolution during nanoimprinting
of ultrafine-grained and nanocrystalline metals, Materials Science and Engineering A 568 (2013)
pp. 68
Funding by DFG: DU 424/9-1: Nanoimprinting
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Fig. 1: Process of fabrication of Nanoimprint die with pillar diameter 10 µm. : 1. Remove the tip (Xe
PFIB), 2. Cut the rear Pillar (Xe PFIB), 3. Polish the top and flanks of the pillar (Ga FIB), 4. Structuring
(Ga FIB), 5. Final polishing (Ga FIB).
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FIB-Atlas
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What is the best recipe for fibbing a given material? Several approaches have been
published over the last decades [1-3]. Additionally, a variety of improvements in the
technical fields concerning e.g. scan modes, take off angles, FIB probe current control,
stage control and more have been become available. This led us to the idea of creating
a web based publication platform, where everybody in the FIB world-wide community
can present their best recipes and best results.
It’s a big project starting with a kick off here in Graz. It is meant as an invitation to everybody who likes to share their results. But it also shall be a platform for state of the art
FIB knowledge and training.
The FIB-Atlas consists of two main parts. Firstly, an educational introduction into FIB
techniques and secondly the description of FIB milling recipes in a structured way. The
FIB-Atlas is based on the periodic table of elements, as we know it from the work with
EDX [4], EELS[5] or SIMS [6]. It’s like a handbook for chemists and physicists [7] but in a
digital cloud world.
We will present a proposal for discussion to make sure, that every important FIB milling
parameter is considered in the database and that contribution of results is user-friendly.
Our goal is to turn the FIB-Atlas into a useful tool for our daily work.
References
[1] L.A. Gianuzzi and F.A. Stevie: Introduction to Focused Ion Beams, Springer, New York (2005)
[2] Z. Cui: Micro Nanofabrication Higher Education Press, Beijing (2005)
[3] Y. Stark: Abtragsverhalten von Einkristallen und Strukturierung von Siliziumnitrid Membranen
mittels Fokussiertem Ionenstrahl, Dissertation, Hamburg (2013)
[4] e.g. http://microanalyst.mikroanalytik.de (2017)
[5] L. Reimer et al: EELSpectroscopy, Zeiss, Oberkochen (1992)
[6] R.G. Wilson et al.: Secondary Ion Mass Spectrometry, Wiley (1989)
[7] E. D’Ans-Lax: Taschenbuch für Chemiker und Physiker, Springer, Berlin (1967)
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A couple of methods are available to measure the thickness of a TEM lamella after its
preparation. However, when it comes to measuring the lamella thickness already during
the preparation and especially live during the thinning process, the operator is left with
qualitatively interpreting the transparency of the lamella using the secondary electron
(SE) signal. We present a method that allows to measure the thickness of a TEM lamella
in its final state as well as during its preparation by FIB. The solution is called SmartEPD
and is integrated in the ZEISS microscope control software.
SmartEPD makes use of the energy selective backscatter (EsB) detector, which is situated
in the SEM column and able to detect a pure backscattered electron (BSE) signal due to
a filtering grid for SEs. The intensity of the BSE signal of a lamella for a given electron
energy depends on the sample thickness. This is illustrated in Fig.1 on the example of a
wedge-shaped sample. If the sample is thicker than the maximum backscatter depth (related to the excitation volume) the BSE signal will be the strongest. For thinner samples
the BSE signal will decrease, because a larger fraction of electrons traverses the sample
and is not detected as BSEs. It was possible to derive a generalized function for the
maximum backscatter depth (MBD) by Monte Carlo simulations. Using this information
SmartEPD can translate the grey value of every pixel in a BSE image to the corresponding
thickness value and display the result as a color-coded thickness map overlay (see Fig.2).
Since the BSE signal is not affected by FIB generated SEs, the thickness measurement
also works during the lamella thinning. It is even possible to define a measurement area
and assign a target thickness. SmartEPD will then monitor the thickness in this area and
stop the FIB milling automatically when the target thickness is reached, thus enabling
real end-point detection. The result of such an automated lamella thinning process is
shown in Fig.2 for two windows in a silicon lamella with target thicknesses of 50 nm and
100 nm respectively. The actually achieved final thickness was measured by SE imaging
of the lamella edge-on and shown in Fig.3. The accuracy of the presented method is
about 20% and comparable to other thickness measurement methods. However, those
methods only work on the final lamella, while SmartEPD allows thickness measurements
live during the FIB milling, too.
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Fig.1: Schematic illustration of the BSE signal intensity
(blue arrows) in dependence of the local thickness of an
exemplary wedge-shaped sample.

Fig.2: 5 kV BSE image of a Si lamella with thickness map
overlay and two windows thinned using automatic
end-point detection with target thicknesses of 50 nm
and 100 nm reectively.

Fig.3: 5 kV SE edge-on image of same Si lamella as in
Fig. 2. The actually achieved thicknesses of the thinned
windows can be measured and corresponds well to the
target values.
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A couple of methods are available to measure the thickness of a TEM lamella after its
preparation. However, when it comes to measuring the lamella thickness already during
the preparation and especially live during the thinning process, the operator is left with
qualitatively interpreting the transparency of the lamella using the secondary electron
(SE) signal. We present a method that allows to measure the thickness of a TEM lamella
in its final state as well as during its preparation by FIB. The solution is called SmartEPD
and is integrated in the ZEISS microscope control software.
SmartEPD makes use of the energy selective backscatter (EsB) detector, which is situated
in the SEM column and able to detect a pure backscattered electron (BSE) signal due to
a filtering grid for SEs. The intensity of the BSE signal of a lamella for a given electron
energy depends on the sample thickness. This is illustrated in Fig.1 on the example of a
wedge-shaped sample. If the sample is thicker than the maximum backscatter depth (related to the excitation volume) the BSE signal will be the strongest. For thinner samples
the BSE signal will decrease, because a larger fraction of electrons traverses the sample
and is not detected as BSEs. It was possible to derive a generalized function for the
maximum backscatter depth (MBD) by Monte Carlo simulations. Using this information
SmartEPD can translate the grey value of every pixel in a BSE image to the corresponding
thickness value and display the result as a color-coded thickness map overlay (see Fig.2).
Since the BSE signal is not affected by FIB generated SEs, the thickness measurement
also works during the lamella thinning. It is even possible to define a measurement area
and assign a target thickness. SmartEPD will then monitor the thickness in this area and
stop the FIB milling automatically when the target thickness is reached, thus enabling
real end-point detection. The result of such an automated lamella thinning process is
shown in Fig.2 for two windows in a silicon lamella with target thicknesses of 50 nm and
100 nm respectively. The actually achieved final thickness was measured by SE imaging
of the lamella edge-on and shown in Fig.3. The accuracy of the presented method is
about 20% and comparable to other thickness measurement methods. However, those
methods only work on the final lamella, while SmartEPD allows thickness measurements
live during the FIB milling, too.
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Figure 1: On-demand fabrication of electrically conductive, high-resolution Pt nano-probes. FEBID
is used for initial fabrication of Pt-C nano-pillars on pre-structured self-sensing cantilever (left) yielding clearly improved tip shapes compared to the original situation (compare red and green red
arrow in the SEM side view image). After purification the carbon is removed, tip dimensions are
further decreased (right comparison) and tip radii down to 5 nm can be achieved.

Figure 2: Concept scheme of our thermal probe approach (left) consisting of a pre-structured selfsensing cantilever further modified by a freestanding nano-bridge for thermal measurements using
Pt‘s thermoelectric properties as transducing element. The right Image shows the first successful
prototypes, which have been proven to be applicable in real AFM measurements.
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