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IBC - ION BEAM CENTER

Helmholtz-Zentrum Dresden — Rossendorf (HZDR)

Facility Responsibles / Main Contact:

- Johannes von Borany, Institute of Ion Beam Physics and Materials Research, HZDR
phone: +49 (0)351 260 3378, email: j.v.borany@hzdr.de

- Stefan Facsko, Institute of Jon Beam Physics and Materials Research, HZDR
phone: +49 (0)351 260 2987, email: s.facsko@hzdr.de

IBC User Office:
- Annette Weissig, Institute of Ion Beam Physics and Materials Research, HZDR
phone: +49 (0)351 260 2343, email: a.weissig@hzdr.de or ibc@hzdr.de

Abstract: In the Ion Beam Center (IBC), various set-ups — electrostatic accelerators, ion implanters,
plasma-based ion implantation equipment, low-energy ion tools, an ion microscope etc. — are com-
bined into a unique facility for research and applications using ion beams. Almost all ions from stable
chemical nuclides are available in the ion energy range from 10 eV to about 60 MeV. In addition to
broad beams, also focused (down to 1 nm) and highly-charged (charge state up to 45%) ion beams, or
ions extracted from a plasma can be provided. In total, the IBC operates more than 30 dedicated tools
or beamline end-stations. The specific expertise of IBC is the modification and analysis of solids by
energetic ions aimed to develop novel materials for information technology, electronics or energy sys-
tems. In addition, ion beam analysis techniques became of increasing importance for interdisciplinary
fields like geochemistry, climate or environmental research and resources technology. Special add-on
services offered ensure a successful realization of user experiments. Based on a long-term expertise,
specific equipment and common commercial procedures, the IBC is strongly active in the use of ion
beam techniques for industrial applications aimed to initiate valuable product innovation.
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1 Overview

The Ion Beam Center (IBC) at the Helmholtz-Zentrum Dresden - Rossendorf (HZDR) is an international
large-scale user facility for research and applications using ions beams which refers to many years of
scientific and technical expertise in this field. In the IBC, various set-ups — electrostatic accelerators,
ion implanters, plasma-based ion implantation equipment, low-energy ion tools, an ion microscope
etc. — are combined into a unique facility. The available ion energy range varies from 10 eV to almost
60 MeV which corresponds to an interaction depth in solids between typically 0.1 nm and 10 tm, or
some hundreds of micrometers for light ions. In addition to broad beams also focused (down to 1 nm)
and highly-charged (charge state up to 45") ion beams, or ions extracted from a plasma can be pro-
vided. In total, more than 30 dedicated tools or beamline end-stations are available whereas up to ten
experiments can simultaneously be performed. A schematic overview of the IBC is given in Figure 1.

Being a part of the Institute of Ion Beam Physics and Materials Research at HZDR, the specific expertise
of IBC is the modification and analysis of solids by ions aimed to develop novel materials for informa-
tion technology, electronics or energy systems. However, ion beam analysis (IBA) techniques are also
of increasing importance for other fields like geochemistry, climate or environmental research and re-
sources technology. As a “universal tool” for surface modification, ion beams hold a great potential for
industrial applications which is actively supported at the IBC by ion beam services.
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Figure 1: Layout of the Ion Beam Center, the color code illustrates various classes of tools / end-stations
with respect to different user experiments. Further information and end-station descriptions are given
at the IBC homepage http://www.hzdr.de/IBC.

Users of the IBC can take advantage of sophisticated add-on services to ensure a successful realization
of their experiments. These add-on services include sample preparation and processing under clean-
room conditions, structural analysis by e.g. electron microscopy / spectroscopy or X-ray investigations,
specific software tools for the simulation of ion processes, or the support during data analysis and
evaluation. These services are limited to an appropriate usage of resources and are offered free-of-
charge only in combination with an allocated IBC experiment. Detailed information about the IBC,
experimental equipment, and access rules can be found on the IBC homepage: http://www.hzdr.de/ibc.

In the following sections, different groups of ion beam techniques and equipment available at the IBC
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are described more in detail with respect to their capabilities and specifications.

2 Ion beam modification by ion implantation / irradiation

Machine responsibles:

Accelerators:

- Shavkat Akhmadaliev, Institute of Ion Beam Physics and Materials Research, HZDR
phone: +49 (0)351 260 3284, email: c.akhmadaliev@hzdr.de

Ion Implanters, Plasma-based Ion Implantation:

- Roman Béttger, Institute of Ion Beam Physics and Materials Research, HZDR
phone: +49 (0)351 260 2873, email: r.boettger@hzdr.de

The IBC operates three high-energy electrostatic accelerators (6 MV tandem, 3 MV tandem, 2 MV Van-
de-Graaff), three ion implanters (with 40, 200 and 500 kV terminal voltages, respectively) and some
stand-alone machines for plasma-based ion implantation. At accelerators or ion implanters, almost the
entire periodic table of elements — but limited to stable isotopes — can be implanted very precisely in
any solid target material with tunable depth and concentration profiles. At one specific end-station ion
beams from the 500 kV ion implanter and the 3 MV tandem accelerator can be combined which enables
double-beam irradiation or simultaneous irradiation / in-situ analysis studies. Basic parameters for ion
implantation / irradiation experiments are given in Table 1.

Table 1: Basic parameters of ion implantation / irradiation facilities at IBC

Parameter Value Remarks

ion species H to Au @ tandems polyatomic implants possible at ion implanters, no
H to Bi @ implanters | implantation of radionuclides

ion energy 100 eV - 60 MeV implanters: 100 eV - 1 MeV
accelerators: 200 keV - 60 MeV

beam current pPA - mA depends on ion species, ion source, specific end-station
and experimental requirements

ion fluence 107 - 108 /em? depends on ion species and machine

sample size mm? - @ 150 mm from small samples to standard wafers

& 200 mm @ 6 MV

incident angle 0° / 7° fixed, variable tilt angles (0° - 85°) available at some

or variable end-stations; twist angle usually not specified
cooling, water, liquid 500°C (max. 3” wafer), 1100°C (1” sample)
heating nitrogen,

up to 1100°C

vacuum < 2x10~% mbar implantation / irradiation under ultra-high vacuum
conditions (< 1x10~7 mbar) only on request

special features | fluence gradients, available only at certain end-stations
sample rotation

Ion energy and fluence values can be ensured with an uncertainty < 5%. A specific advantage of ion
implantation / irradiation is that materials states far from thermodynamic equilibrium can be realized.
These non-equilibrium states can be stabilized under certain conditions, or — if desired — relaxation into
thermodynamic stable, steady-state systems is achieved as a result of subsequent sample processing
(e.g. heat treatment).
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Accelerators and ion implanters are mainly used for ion beam modification or ion beam analysis (see
Section 3) of solid materials. In the field of ion beam modification typical applications are chemical
doping and defect generation (Prucnal et al., 2015; Zhou et al., 2016), ion beam synthesis of nano-
particles embedded in a matrix, surface functionalization (e.g. for biocompatibility), self-organization
of surface nanostructures for templates, ion-induced disordering for phase transitions, materials and
device damage generation for radiation tests, track/pore formation and many others. Plasma-based
ion implantation using gas ions extracted from a low-pressure plasma offers specific advantages with
respect to high-fluence implants (typical ion flux: 10'> ions/cm?s) or surface modification of arbitrarily
shaped (3D) objects.

Moreover, electrostatic accelerators are also applied for cross-section measurements of astrophysics
reactions (Schmidt et al., 2014) or experiments related to the development of novel dosimeter or beam-
diagnostic materials and radiation sensors.

3 Ion Beam Analysis

IBA responsible:
- Rene Heller, Institute of Ion Beam Physics and Materials Research, HZDR
phone: +49 (0)351 260 3617, email: r.heller@hzdr.de

Ion beam analysis (IBA) techniques are based on the interaction of high-energetic ions with sample
atoms and the measurement of mass and energy of scattered, recoiled / sputtered ions and /or emitted
secondary radiation. At IBC’s electrostatic accelerators, almost all standard IBA techniques for non-
destructive and quantitative (often standard-free) chemical analysis of samples with additional element-
specific depth profiling up to a depth of several micrometer are available (see Table 2).

Table 2: Basic parameters of IBA techniques available at IBC

Method Elements Information | Detection Depth Lateral
depth limit resolution | resolution

Rutherford back- 0-U 1 um 0.1 at% 15 nm 0.5 mm

scattering spectrometry

(RBS)

High-resolution RBS Al-U 0.5 um 1 at% 2nm 1.0 mm

(HR-RBS)

Elastic recoil detection H,B-Si 0.5 4m 0.1 at% 15 nm 1.5 mm

analysis (ERDA)

Particle induced Si-U some [lm 0.001 at% no distinct

X-ray emission (PIXE) depth

« Standard set-up resolution mm

« PIXE camera <100 um

« Ion microprobe 3 um

Particle induced low Z some [m 0.02 at% no distinct

Y-ray emission (PIGE) nuclei depth

- Standard set-up (Z < 15) resolution 1.0 mm

« Ion microprobe 3 um

Nuclear reaction H, B, C, 2 um 0.02 at% 5 nm 0.5 mm

analysis (NRA) N,O,F, ..
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In addition, the IBC offers high-depth-resolution Rutherford backscattering spectrometry (HR-RBS),
laterally-resolved elemental analysis, either by an ion microprobe or by a PIXE camera and in-situ
analysis capabilities during sample processing. At some end-stations several IBA techniques can be
simultaneously applied (so called “total IBA”), enabling an extended characterization of the sample
according to the users’ requests. IBA techniques are preferably used if the specific strength of these
methods - the non-destructive, quantitative capabilities and the high depth resolution - are of particular
importance. Typical applications are quantitative depth profiling of layered materials (Werner et al.,
2016; Wilsenach et al., 2017), hydrogen content or depth profile measurements (Bilek et al., 2015; Jang
et al., 2017), elemental mapping of geological or biological materials (Hanf et al., 2016) as well as fluence
calibration for ion implantation doping.

4 Accelerator Mass Spectrometry

AMS responsible:
- Silke Merchel, Helmholtz Institute Freiberg for Resource Technology, HZDR
phone: +49 (0)351 260 2802, e-mail: s.merchel@hzdr.de

For the determination of long-lived radionuclides decay counting is time-consuming or sometimes even
impossible. Accelerator mass spectrometry (AMS) is superior since it does not rely on the disintegration
of the radioactive nuclei. Using a high-energy accelerator it allows for the reduction of background
and interfering signals, resulting from molecular ions and ions with similar masses, e.g. isobars. Thus,
AMS generally provides much lower detection limits in comparison to conventional mass spectrometry.
Lower detection limits extend applications to shorter and longer time-scales and to sample types that
could never be investigated before. Nevertheless, basic, but accurate radiochemical sample separation
is an essential prerequisite for AMS measurements. The DREAMS (DREsden AMS) facility, which is
part of the IBC using the 6 MV tandem accelerator, offers excellent chemical sample preparation and
measurement capabilities (Akhmadaliev et al., 2013). An overview of nuclides investigated at DREAMS
and key information is given in Table 3.

Table 3: Radionuclides measured at the DREAMS facility

Radio- Half-life of Radionuclide/ Measured ratios Machine
nuclide radio- stable nuclide of nuclides blank level
nuclide ratio
"Be 53d "Be/’Be (0.01-2)x10°12 3x 10710
10Be 1.387 Ma 10Be/9Be (0.01 — 300) x 10~ 12 5x 10716
26A1 0.705 Ma 26A1/77Al (0.001 - 60) x 10712 5x 10710
361 0.301 Ma ¢l (0.007 - 700) x 1012 4x 10710
41Ca 0.104 Ma 41Ca/*Ca (0.006 — 9000) x 10~ 2 20 x 10716
1291 15.7 Ma 129/1271 (0.5 - 200) x 10712 200 x 10716
Actinides various under development

AMS is of utmost importance for dating samples on geological time scales. The spectrum of samples
ranges from ice cores (Zipf et al., 2016), meteorites (Ott et al., 2014), deep sea manganese nodules and
sediments, boulders from rock falls, landslides (Schwanghart et al., 2016) and glacier moraines (Landgraf
et al., 2016) to lava samples from volcanic eruptions. DREAMS is also essential to research fields like
astrophysics, climate, cosmo-chemistry or hydrogeology (Miiller et al., 2016). Moreover, it is of signif-
icant interest and often used for nuclear decommissioning and safety, forensics and safety, dosimetry,
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nutrition, pharmacology, radioecology and toxicology research. The advantages of AMS, compared
to other ultra-sensitive analysis methods, are an easier and faster sample preparation, smaller sample
sizes, higher sample throughput and, therefore, largely reduced costs.

5 Facilities for low-energy and highly charged ions

Facility scientist:
- Stefan Facsko, Institute of Ion Beam Physics and Materials Research, HZDR
phone: +49 (0)351 260 2987, email: s.facsko@hzdr.de

The IBC operates four stand-alone devices delivering ion beams of low-energy and / or highly-charged
ions. For these kinds of experiments mostly (but not exclusively) ions from noble gases are used. For
highly-charged ions, both electron beam ion traps (EBIT) (for highest charge states up to 457) and an
electron cyclotron resonance (ECR) ion source (for medium charge states, typically 57 — 147) are in
operation. An overview of the different facilities is given in Table 4.

Table 4: Basic parameters of LEI / HCI tools available at IBC

Equipment Acronym | Ions Energy range | Charge | Ion flux

state
Low-energy LEI H-Xe | 20eV-20keV | typ. 1" (10'3 — 10'9) ions/(cm?’s)
ions
Highly-charged | HEI He - Xe | 20 eV - 20 keV | 37 -457 | (10° - 10'?) ions/(cm?s)
ions per charge

Low-energy ions (LEI) with energies in the range of 100 eV to 25 keV interact only with the top few
nanometers of a solid without affecting the bulk properties. Thus irradiation with LEI can be used to
change the morphology and the properties of surfaces and thin films. In this energy range sputtering
(i.e. the emission of atoms from the surface) is very effective and leads to the formation of different
surface nano-patterns depending on the irradiation conditions, e.g. ion mass, energy, flux, fluence,
incidence angle, and sample temperature (Keller & Facsko, 2010). For selected parameters extremely
regular, periodic pattern are produced with periodicities in the range of 20 nm - 200 nm. These pat-
terns can be either isotropic, i.e. hexagonally ordered dot or hole patterns (Keller & Facsko, 2010; Ou
et al., 2015) or anisotropic as ripple patterns on substrates, which can be used as templates to grow
nanostructured thin films with tunable properties.

Slow, highly-charged ions (HCI), on the other hand, are special in that they carry additionally a high
amount of potential energy — the stored ionization energy — which is released and deposited into the
electronic system of the materials surface (Gruber et al., 2016; Wilhelm et al., 2014). The electronic
excitation by the potential energy of HCIs induces nanostructures on surfaces, in thin-films, or 2D
materials by single ion impacts. Depending on the materials properties single hillock or pit structures
are observed for every ion impact (El-Said et al., 2016). Common to the formation of these structures is
a threshold in the potential energy due to the fact that the locally induced electronic excitation has to
be high enough in order to induce a phase transition, like local melting or sublimation of the material.

6 Focused Ion Beam Techniques

Instrument scientists:

- Lothar Bischoff, Institute of Ion Beam Physics and Materials Research, HZDR
phone: +49 (0)351 260 2866 or 2963, email: Lbischoff@hzdr.de

- Gregor Hlawacek, Institute of Ion Beam Physics and Materials Research, HZDR
phone: +49 (0)351 260 3409 , email: g.hlawacek@hzdr.de
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Focused ion beam (FIB) tools became the work horses of many R&D projects in academia as well as
industry. However, standard Ga based liquid metal FIB systems are often used for TEM sample prepara-
tion only. This contrasts by the fact that many more ions can be provided in FIB and allow for research
projects that go beyond the typical TEM lamella preparation. While a large number of metal and semi-
conductor ions can be extracted from liquid metal alloy sources recently also high-resolution noble gas
based FIB systems became available. The latter help to avoid metal contamination of the samples and
pushed the resolution limit for nano-fabrication into the single digit Angstrém regime.

At the IBC three focused ion beam (FIB) systems are operating for ion microscopy and analysis, local
surface or thin-film modification, nano-patterning or doping, as well as for sample preparation:

+ Cross-beamTM workstation NVision 40 equipped with Gemini SEM and FIB column (Ga),
+ Jon microscope ORION NanoFab working alternatively with He or Ne ions,
« Mass separated FIB with Canion 31M+ column using liquid metal alloy ion sources.

Basic parameters of the FIB systems at IBC are summarized in Table 5.

Table 5: Basic parameters of FIB systems available at IBC

Parameter Cross-beam Ion microscope Mass-separated
FIB/SEM FIB
ions Ga He, Ne Si, Ge, Ga, Co, Ni, Nd, Er, Au, Bi;
poly-atomic ions: Au,, Bi, + other
ions on request
ion source liquid metal ion gas field ion source liquid metal alloy ion source
source (LMIS) (GFIS) (LMAIS)
energy 5—-30 keV 5—-35keV 10 - 60 keV
spot size 7 nm (at 1 pA) He: 0.45 nm 10 — 100 nm
(resolution) Ne: 1.8 nm
ion current 1pA -45nA 0.1 - 200 pA 1pA -10nA
sample size typ. 1 cm?, 4> max. ~1 cm?, typically various, max. 6” wafers
additional » gas injection system | « gas injection system » sample heating and tilting
features « EDX, EBSD « electron flood gun « 6” laser interferometer stage for
» pattern generator » sample heater nm-scale positioning and stitching
« TEM lamella « in-situ 4-probe for « electron flood gun
preparation and electrical measurements
lift-out « TOF based micro- RBS
and SIMS

Besides application to fundamental and applied studies of materials science problems the focus is on
the development, applications and equipment that go beyond state-of-the-art Ga-FIB techniques. The
in-house research is focused on the development of new analytical methods, instrumentation for in-situ
experiments and the investigation of new ion sources (Bischoff et al., 2016). Furthermore, these methods
and procedures are used to investigate a wide range of ion material interactions in the fundamental as
well as applied part of materials research (Hlawacek et al., 2014; Philipp & Bischoff, 2012). Recent
projects include the fabrication of arbitrary sized nano-magnets using low-fluence focused Ne™ ion
irradiation. The minimal size of approximately 20 nm for these magnets is only limited by the size of
the ion collision cascade. Broadening of the created geometries due to the beam can be excluded as the
beam diameter is only 2 nm. In a different project semiconductor surfaces are patterned locally with
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the help of heavy poly-atomic focused ion beams. Recently, we also developed the first time-of-flight
backscatter spectrometer for the gas field ion source (GFIS) based Orion NanoFab (Klingner et al., 2016).
With an energy resolution of 2.5% and an unprecedented lateral resolution of 50 nm it can be used for
spatially resolved, damage free materials analysis at the ion microscope.

7 Add-On Services

Responsible scientists:

For electron microscopy

- Rene Hiibner, Institute of Ion Beam Physics and material Research, HZDR
Phone: +49 (0)351 260 3174, email: r.huebner@hzdr.de

For X-ray techniques:

- Jorg Grenzer, Institute of Ion Beam Physics and Materials Research, HZDR
phone: +49 (0)351 260 3389, email: j.grenzer@hzdr.de

For clean-room samples and device preparation:

- Artur Erbe, Institute of Ion Beam Physics and Materials Research, HZDR
phone: +49 (0)351 260 2366, email: a.erbe@hzdr.de

For AMS sample preparation:

- Silke Merchel, Helmholtz Institute Freiberg for Resource Technology, HZDR
phone: +49 (0)351 260 2802, e-mail: s.merchel@hzdr.de

Many users make advantage from ion implantation / irradiation effects for the modification of pro-
perties of materials surfaces or near-surface regions. This is usually one step in a sequence of investi-
gations ranging from materials synthesis to proof-of-principle tests for the envisaged applications. The
users are very often interested to get fast information concerning the change of structural / physical /
chemical properties of their samples after ion beam processing. For that reason, in combination with
an allocated experiment the IBC offers a couple of ad-on services as listed in Table 6:

Table 6: Add-on services offered by IBC

Add-on service Processes / techniques and major equipment / codes
samples preparation « sample cutting, polishing, cleaning, etching
and processing « annealing (ns — hours times regime)

« lithography (optical and E-beam)
« device processing

measurement and « optical and electrical characterization

characterization « electron microscopy / spectroscopy (SEM, TEM, AES, XPS):

Hitachi S-4800 (SEM), NVision 40 (SEM/FIB), FEI Titan 80-300 (TEM), FEI
Talos F200A (TEM), Microlab 310F (AES/XPS)

« X-ray investigations Bruker D8 (XRD/XRR):

Siemens D5005, Panalytical Empyrean, GE XRD 3003HR

AMS samples « two specific AMS chemistry laboratories for different nuclei available;
preparation chemistry preferably for nuclei of Table 3

data analysis and « simulation of ion-solid interaction (doping-, defect-, mixing profiles) codes:
simulation tools TRIDYN, TRI3DYN, kinetic Monte Carlo (phase separation)

« simulation of surface patterning (home-made codes)
« data evaluation of IBA spectra

The add-on services at IBC include analysis by complementary techniques, samples preparation or even
device processing. For AMS investigations, the chemical preparation of AMS samples is mandatory and
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of key importance for reliable measurements. Moreover, in particular for IBA measurement, IBC users
from interdisciplinary research fields have often less or no experiences with these specific techniques.
Thus, the support during experiment preparation, measurement, data analysis and interpretation is
essential to ensure an adequate result from the experiment and to satisfy widely users’ expectations.

8 Specific equipment and procedures for ion beam services

IBC responsible:

- Johannes von Borany, Institute of Ion Beam Physics and Materials Research, HZDR
phone: +49 (0)351 260 3378, email: j.v.borany@hzdr.de

Contact to HZDR Innovation GmbH:

- Andreas Kolitsch, CEO HZDR Innovation GmbH, http:// www.hzdr-innovation.de
Phone: +49 (0)351 260 3438, email: a.kolitsch@hzdr-innovation.de

Ion beams as a “universal tool” for materials modification also hold a great potential for industrial ap-
plications due to their outstanding capabilities to change chemical, electrical, optical or other materials
properties. To further extend the economic value of ion beam processing in industry, IBC facilities at
HZDR are available for industry (research or ion-beam services) in close collaboration with the spin-
off company HZDR Innovation GmbH and partners of the Geokompetenz-Zentrum Freiberg e.V. Such
activities are based on individual contracts (usually quotation /offer procedures) with the partners that
include the performance, delivery time and costs. In cases of well-defined and routine use of IBC fa-
cilities, long-term frame contracts are possible which makes the realization of the requested service
easier, faster, more reliable and cost effective. With respect to decades of expertise in ion beam ser-
vices, the IBC is well-familiar with common procedures required for collaborations with industry. This
includes product qualification, ion beam processing in product lines, quality control, certification issues
or the availability of specific equipment for large-volume processing. Actually, ion beam services cover
mainly the following fields:

» High-energy ion irradiation of circuits for power electronics to improve the switching properties
based on minority carrier lifetime engineering,

« Standard and high-energy ion implantation of doping elements for optoelectronic devices, power
semiconductors, lasers or detectors to tailor the electric field distribution in such devices,

« Surface engineering by low- energy and plasma-ion-implantation to tailor / optimize specific ma-
terials’ properties (e.g. high-temperature oxidation resistance, surface hardness, bio-compatibility,
porous structures) for applications in biotechnology, nutrition, tool engineering etc.,

« Jon-beam analysis for the chemical analysis of thin films or geological samples,

« Accelerator mass spectrometry of non-radiocarbon samples

The semiconductor processing on wafer level requires an effective routine for large volume processing.
For that reason, we are operating - at the 6 MV, 3 MV accelerators and at the 500 kV ion implanter — in
total four semi-automatic wafer handling systems for effective processing of all kinds of semiconductor
wafers (not only SEMI standard silicon wafers). For more information, the corresponding IBC web-
pages or the instrument scientists should be contacted. Figure 2 shows some process stations used for
ion beam services.
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Figure 2: Implantation chamber (part of semi-automatic wafer handler system, & 200 mm wafer capa-
bility) at the 6 MV tandem (left), and wafer wheel (max. wafer size 150 mm) of the NV-10 end-station
used for high-throughput implantations at the 3 MV tandem (right).

References

Akhmadaliev, S., Heller, R.,, Hanf, D., Rugel, G., & Merchel, S. (2013). The new 6MV AMS-facility
DREAMS at Dresden. Nuclear Instruments and Methods in Physics Research Section B: Beam Interac-
tions with Materials and Atoms, 294, 5-10. http://dx.doi.org/10.1016/j.nimb.2012.01.053

Bilek, M. M. M., Kondyurin, A., Dekker, S., Steel, B. C., Wilhelm, R. A., Heller, R., ... Moller, W.
(2015). Depth-Resolved Structural and Compositional Characterization of Ion-Implanted Polystyrene
that Enables Direct Covalent Immobilization of Biomolecules. The Journal of Physical Chemistry C,
119(29), 16793-16803. http://dx.doi.org/10.1021/acs.jpcc.5b05164

Bischoff, L., Mazarov, P., Bruchhaus, L., & Gierak, J. (2016). Liquid metal alloy ion sources
- An alternative for focussed ion beam technology.  Applied Physics Reviews, 3(2), 021101.
http://dx.doi.org/10.1063/1.4947095

El-Said, A. S., Wilhelm, R. A, Heller, R., Sorokin, M., Facsko, S., & Aumayr, F. (2016). Tuning the
fabrication of nanostructures by low-energy highly charged ions. Physical Review Letters, 117,126101.
http://dx.doi.org/10.1103/PhysRevLett.117.126101

Gruber, E., Wilhelm, R., Pétuya, R., Smejkal, V., Kozubek, R., Hierzenberger, A., ... Aumayr, F. (2016).
Ultrafast electronic response of graphene to a strong and localized electric field. Nature Communi-
cations, 7, 13948. http://dx.doi.org/10.1038/ncomms13948

Hanf, D., Buchriegler, J., Renno, A., Merchel, S., Munnik, F., Ziegenriicker, R, ... von Borany, J. (2016).
A new particle-induced X-ray emission set-up for laterally resolved analysis over wide areas. Nuclear
Instruments and Methods in Physics Research Section B: Beam Interactions with Materials and Atoms,
377,17 - 24. http://dx.doi.org/10.1016/j.nimb.2016.03.032

Hlawacek, G., Veligura, V., van Gastel, R., & Poelsema, B. (2014). Helium ion microscopy. Journal of
Vacuum Science & Technology B, Nanotechnology and Microelectronics: Materials, Processing, Measure-
ment, and Phenomena, 32(2), 020801. http://dx.doi.org/10.1116/1.4863676

Jang, J.-W., Friedrich, D., Miiller, S., Lamers, M., Hempel, H., Lardhi, S., ... Abdji, F. F. (2017). Enhancing
Charge Carrier Lifetime in Metal Oxide Photoelectrodes through Mild Hydrogen Treatment. Ad-
vanced Energy Materials, 7(22), 1701536. http://dx.doi.org/10.1002/aenm.201701536

§


http://dx.doi.org/10.17815/jlsrf-3-159
http://dx.doi.org/10.1016/j.nimb.2012.01.053
http://dx.doi.org/10.1021/acs.jpcc.5b05164
http://dx.doi.org/10.1063/1.4947095
http://dx.doi.org/10.1103/PhysRevLett.117.126101
http://dx.doi.org/10.1038/ncomms13948
http://dx.doi.org/10.1016/j.nimb.2016.03.032
http://dx.doi.org/10.1116/1.4863676
http://dx.doi.org/10.1002/aenm.201701536
https://creativecommons.org/licenses/by/4.0/

http://dx.doi.org/10.17815/jlsrf-3-159 Journal of large-scale research facilities, 3, A125 (2017)

Keller, A., & Facsko, S. (2010). Ion-Induced Nanoscale Ripple Patterns on Si Surfaces: Theory and
Experiment. Materials, 3(10), 4811-4841. http://dx.doi.org/10.3390/ma3104811

Klingner, N., Heller, R., Hlawacek, G., von Borany, J., Notte, J., Huang, J., & Facsko, S. (2016). Nanometer
scale elemental analysis in the helium ion microscope using time of flight spectrometry. Ultrami-
croscopy, 162,91 - 97. http://dx.doi.org/10.1016/j.ultramic.2015.12.005

Landgraf, A., Dzhumabaeva, A., Abdrakhmatov, K. E., Strecker, M. R., Macaulay, E. A., Arrowsmith,
J., ... Merchel, S. (2016). Repeated large-magnitude earthquakes in a tectonically active, low-strain
continental interior: The northern Tien Shan, Kyrgyzstan. Journal of Geophysical Research: Solid
Earth, 121(5), 3888-3910. http://dx.doi.org/10.1002/2015]B012714

Miiller, T., Osenbriick, K., Strauch, G., Pavetich, S., Al-Mashaikhi, K.-S., Herb, C., ... San-
ford, W.  (2016). Use of multiple age tracers to estimate groundwater residence times
and long-term recharge rates in arid southern Oman.  Applied Geochemistry, 74, 67 - 83.
http://dx.doi.org/10.1016/j.apgeochem.2016.08.012

Ott, U, Merchel, S., Herrmann, S., Pavetich, S., Rugel, G., Faestermann, T, ... Folco, L. (2014). Cosmic
ray exposure and pre-atmospheric size of the Gebel Kamil iron meteorite. Meteoritics & Planetary
Science, 49(8), 1365-1374. http://dx.doi.org/10.1111/maps.12334

Ou, X., Heinig, K.-H., Hubner, R., Grenzer, J., Wang, X., Helm, M,, ... Facsko, S. (2015). Faceted
nanostructure arrays with extreme regularity by self-assembly of vacancies. Nanoscale, 7, 18928-
18935. http://dx.doi.org/10.1039/C5NR04297F

Philipp, P., & Bischoff, L. (2012). Investigation of nano structures on ta-C films
made by gallium FIB lithography. Diamond and Related Materials, 23, 140 - 143.
http://dx.doi.org/10.1016/j.diamond.2012.01.025

Prucnal, S., Gao, K., Skorupa, I., Rebohle, L., Vines, L., Schmidt, H., ... Zhou, S. (2015). Band-gap
narrowing in mn-doped gaas probed by room-temperature photoluminescence. Physical Review B,
92, 224407. http://dx.doi.org/10.1103/PhysRevB.92.224407

Schmidt, K., Akhmadaliev, S., Anders, M., Bemmerer, D., Caciolli, A., Dietz, M., ... Zuber, K. (2014).
Strength of the £, = 1.842 MeV resonance in the 40Ca(p,y)*'Sc reaction reexamined. Physical Review
C, 89, 045802. http://dx.doi.org/10.1103/PhysRevC.89.045802

Schwanghart, W., Bernhardt, A., Stolle, A., Hoelzmann, P., Adhikari, C., B.R.and Andermann, Tofelde,
C., ... Korup, O. (2016). Repeated catastrophic valley infill following medieval earthquakes in the
Nepal Himalaya. Science, 351, 147-150. http://dx.doi.org/10.1126/science.aac9865

Werner, Z., Barlak, M., Ratajczak, R., Konarski, P.,, Markov, A. M., & Heller, R. (2016).
Electron-beam pulse annealed Ti-implanted GaP. Journal of Applied Physics, 120(8), 085103.
http://dx.doi.org/10.1063/1.4961518

Wilhelm, R. A., Gruber, E., Ritter, R., Heller, R, Facsko, S., & Aumayr, F. (2014). Charge Exchange and
Energy Loss of Slow Highly Charged Ions in 1 nm Thick Carbon Nanomembranes. Physical Review
Letters, 112, 153201. http://dx.doi.org/10.1103/PhysRevLett.112.153201

Wilsenach, H., Zuber, K., Degering, D., Heller, R, & Neu, V. (2017). High precision half-
life measurement of '¥’Sm o decay from thin-film sources. Physical Review C, 95, 034618.
http://dx.doi.org/10.1103/PhysRevC.95.034618

Zhou, S., Li, L., Yuan, Y., Rushforth, A. W.,, Chen, L., Wang, Y., ... Helm, M. (2016). Pre-
cise tuning of the Curie temperature of (Ga,Mn)As-based magnetic semiconductors by hole
compensation: Support for valence-band ferromagnetism.  Physical Review B, 94, 075205.
http://dx.doi.org/10.1103/PhysRevB.94.075205

"


http://dx.doi.org/10.17815/jlsrf-3-159
http://dx.doi.org/10.3390/ma3104811
http://dx.doi.org/10.1016/j.ultramic.2015.12.005
http://dx.doi.org/10.1002/2015JB012714
http://dx.doi.org/10.1016/j.apgeochem.2016.08.012
http://dx.doi.org/10.1111/maps.12334
http://dx.doi.org/10.1039/C5NR04297F
http://dx.doi.org/10.1016/j.diamond.2012.01.025
http://dx.doi.org/10.1103/PhysRevB.92.224407
http://dx.doi.org/10.1103/PhysRevC.89.045802
http://dx.doi.org/10.1126/science.aac9865
http://dx.doi.org/10.1063/1.4961518
http://dx.doi.org/10.1103/PhysRevLett.112.153201
http://dx.doi.org/10.1103/PhysRevC.95.034618
http://dx.doi.org/10.1103/PhysRevB.94.075205
https://creativecommons.org/licenses/by/4.0/

Journal of large-scale research facilities, 3, A125 (2017) http://dx.doi.org/10.17815/jlsrf-3-159

Zipf, L., Merchel, S., Bohleber, P., Rugel, G., & Scharf, A. (2016). Exploring ice core drilling chips
from a cold Alpine glacier for cosmogenic radionuclide (!°Be) analysis. Results in Physics, 6, 78 - 79.
http://dx.doi.org/10.1016/j.rinp.2016.01.002

12 @


http://dx.doi.org/10.17815/jlsrf-3-159
http://dx.doi.org/10.1016/j.rinp.2016.01.002
https://creativecommons.org/licenses/by/4.0/

	Overview
	Ion beam modification by ion implantation / irradiation
	Ion Beam Analysis 
	Accelerator Mass Spectrometry
	Facilities for low-energy and highly charged ions
	Focused Ion Beam Techniques
	Add-On Services
	Specific equipment and procedures for ion beam services

