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Cover Picture

The cover picture illustrates an artistic arrangement of two-dimensional compositional maps (hexagons)
from GaAs / InAlAs / InGaAs core / shell / shell nanowire cross-sections. The different colors correspond
to different group-Ill elements (blue for gallium, red for indium, and cyan for aluminum) as measured by
energy-dispersive X-ray spectroscopy in scanning transmission electron microscopy mode. The pattern of
hexagons is a repetitive reproduction of three different compositional maps. The large lattice-mismatch
between the thin core (approximately 25 nm in diameter) and the shells causes the development of
tensile hydrostatic strain up to 7 % in the core. In that way, we can tune the bandgap of the GaAs core in
a very wide range, rendering these nanowires suitable for photonic devices across the near-infrared
range, including telecom photonics at 1.3 and 1.55 pym. The fact that the nanowires grow epitaxially on Si
substrates could enable in the future the monolithic integration of GaAs-based devices in Si-CMOS
circuits. Two dark-field optical microscopy images of randomly dispersed nanowires (removed from their
substrate) are also illustrated. The nanowire length is approximately 2 pym.
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Preface by the directors

The Institute of lon Beam Physics and Materials Research conducts materials research for future
applications in, e.g., information technology. To this end, we make use of the various possibilities
offered by our lon Beam Center (IBC) for synthesis, modification, and analysis of thin films and
nanostructures, as well as of the free-electron laser FELBE at HZDR for THz spectroscopy. The
analyzed materials range from semiconductors and oxides to metals and magnetic materials. They are
investigated with the goal to optimize their electronic, magnetic, optical as well as structural
functionality. This research is embedded in the Helmholtz Association’s programme “From Matter to
Materials and Life”. Six publications from last year are highlighted in this Annual Report to illustrate the
wide scientific spectrum of our institute.

The early highlight of the year 2018 was an evaluation in the framework of the Helmholtz
Programme-Oriented Funding (POF). This was in fact an evaluation looking at the achievements of
the individual “Research Units” (in our case: Institutes) in the present POF period. Our institute
received the grade “outstanding”, the highest out of 7 possible grades. We would like to take this
opportunity to thank all members of the institute for their tremendous efforts that have led to this
fantastic outcome! However, this is not the end — presently we are preparing the so-called “strategic
evaluation® of the Helmholtz Programmes, which will take place in January 2020.

Our third-party funding remains on a high level: we are coordinating two large I3 projects from the
EU - one related to the European synchrotrons and free-electron lasers (CALIPSOplus) and one
related to European ion beam facilities (RADIATE). In particular remarkable are 10 DFG grants
successfully acquired by our scientists during the 12-months period from 4/2018 to 3/2019. We think
this is a quite extraordinary achievement within the Helmholtz Association considering the eligibility
restrictions we are bound to.

Our scientists demonstrated their excellence through a number of recognitions and awards. Dr.
Nico Klingner and Dr. René Heller received the HZDR Innovation Award for the development of a
retrofitable time-of-flight secondary ion mass spectrometer for the Helium ion microscope. The 2™
prize went to Dr. Slawomir Prucnal and Max Stdber (jointly with Dr. Charaf Cherkouk from TUBAF) for
their work on novel electrodes for secondary batteries. Toni Hache was honored with the Georg-
Simon-Ohm Award 2018 of the German Physical Society (DPG) for his Master Thesis on the
“Fabrication and Characterization of Spin-Hall-Effect based Nano-Microwave Oscillators”. We
sincerely congratulate all prize winners! A large part of our research is actually being done by our PhD
students — seven of them successfully finished their PhD in 2018, remarkable three of them even with
the highest honor “summa cum laude”. The education of the PhD students was supported by topical
courses on “How to manage your PhD project” and “Scientific Presentation”.

Several conferences and workshops were organized by scientists from our institute: the
"2nd international HeFIB conference on Helium and emerging Focused lon Beams” was organized by
Dr. Gregor Hlawacek and attracted around 80 participants. It covered a wide range of emerging FIB
technologies and had strong support by several companies. Dr. Mahdi Ghorbani-Asl| co-organized the
conference “Flatlands Beyond Graphene” in Leipzig and Prof. Sibylle Gemming a summer school on
“Deep materials: Perspectives on data-driven materials research” at TU Dresden.

In the framework of the HZDR “High-Potential Programme”, PD Dr. Georgy Astakhov from
University of Wirzburg joined our institute and established a new group on “Quantum Materials and
Technology” within the Semiconductor Materials department.



4 Preface

Finally, we would like to cordially thank all partners, friends, and organizations who supported our
progress in 2018. Special thanks are due to the Executive Board of the Helmholtz-Zentrum Dresden-
Rossendorf, the Minister of Science and Arts of the Free State of Saxony, and the Ministers of
Education and Research, and of Economic Affairs and Energy of the Federal Government of
Germany. Numerous partners from universities, industry and research institutes all around the world
contributed essentially, and play a crucial role for the further development of the institute. Last but not
least, the directors would like to thank again all members of our institute for their efforts and excellent
contributions in 2018.

e - 2 )

Prof. Manfred Helm Prof. Jurgen Fassbender
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DNA-Mold Templated Assembly of Conductive Gold Nanowires
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ABSTRACT: We introduce a new concept for the solution-based fabrication of
conductive gold nanowires using DNA templates. To this end, we employ DNA
nanomolds, inside which electroless gold deposition is initiated by site-specific
attached seeds. Using programmable interfaces, individual molds self-assemble into
micrometer-long mold superstructures. During subsequent internal gold deposition,
the mold walls constrain the metal growth, such that highly homogeneous nanowires
with 20—30 nm diameters are obtained. Wire contacting using electron-beam

b = "'\
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%. = Au wire

-~ mold

lithography and electrical conductance characterization at temperatures between 4.2

K and room temperature demonstrate that metallic conducting wires were produced, although for part of the wires, the
conductance is limited by boundaries between gold grains. Using different mold designs, our synthesis scheme will, in the future,
allow the fabrication of complex metal structures with programmable shapes.

KEYWORDS: Metal nanowires, seeded growth, DNA metallization, DNA nanostructures, DNA template, nanoelectronics

he past decade has seen a boost in the field of DNA
nanotechnology. A number of pioneering techniques' ™
were developed that allow the self-assembly of large two- and
three-dimensional DNA structures with complex shapes. The
basis of these techniques are specific interactions between
complementary DNA strands. By appropriate sequence design
of the involved DNA molecules, a desired structure can thus be
obtained in a fully programmable, sequence-encoded manner.
The beauty, the complexity' ~® and the increased rigidity” of the
down-to-the-atomic-level defined objects instantaneously mo-
tivated the usage of DNA nanostructures to assemble non-
DNA materials in defined patterns. Examples include the
arrangements of proteins,8 chemical’ and photoactive
groups,'”"" the assembly of metal nanoparticles into plasmonic
nanostructures,'>”"* and the sculpting of lipid membranes.' >
DNA nanotechnology is particularly successful in generating
soft nanostructures. However, many applications in “hard-
matter nanotechnology”, particularly in nano-optics and
nanoelectronics, require structures made from inorganic, e.g.,
metallic and semiconducting, rather than biological materials.
In particular, the low electrical conductance found in contacts
to single DNA duplexes is detrimental for applications in
nanoelectronics.'” Therefore, it would be highly desirable if one
could “replace” the DNA structure atom by atom site-
specifically with a material of choice to enable a programmable
synthesis of inorganic nanostructures. Though a direct
replacement will be practically impossible, the outlined idea
inspired the usage of DNA as a template for inorganic material
growth. Hereby, the biomolecule would donate its shape to the

i i © 2018 American Chemical Society
~ ACS Publications
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growing material film. In first approaches, linear DNA
molecules were metallized by so-called electroless deposition,
in which metal seeds are first deposited on the molecule that
are subsequently grown to more-continuous structures. This
way, elongated metal particle assemblies could be fabri-
cated."® ™" Later, this concept could be extended to many
different materials, including gold, silver, platinum, palladium,
copper, and cobalt.”’ With the advances in DNA nano-
technology, rigid DNA template structures with more-complex
shapes became available enabling the growth of elongated
wires,”> metal rings,B junctions,24 and spheres25 as well as
structures consisting of two types of metals.”® The deposited
metal films were, however, not homogeneous and typically
contained many distinct grains. This made the resulting
structures either discontinuous”’ or inhomogeneous,”” depend-
ing on the amount of deposited material.

Nonetheless, wires produced this way were often found to
conduct electric current when contacted either by electron-
beam-litho§ra hy-fabricated electrodes'”**™** or by conductive
AFM tips.”>** Reported resistance values spanned several
orders of magnitude. Typically, the observed resistivities were
significantly larger than expected for the respective metal
forming the wire, indicating that grain boundaries can act as
significant barriers. This was supported by recent temperature-
dependent (4.2 to 293 K) conductance measurements on

Received: January 24, 2018
Revised:  February 26, 2018
Published: February 27, 2018

DOI: 10.1021/acs.nanolett.8b00344
Nano Lett. 2018, 18, 2116—-2123
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DNA-origami-based Au nanowires from our laboratory showing
that tunneling, thermionic, and hopping conduction mecha-
nisms govern the conductance at low, intermediate, and high
temperatures, respectively.”” In addition, a recent study of 500
nm nanopillars, realized as a multilayer heterostructure of DNA
origami tiles and Au nanoparticles, suggested a tunneling or
hopping conduction mechanism at room temperature.”® To
limit the number of grain boundaries, recently elongated Au
nanorods were deposited in an aligned manner on DNA
origami templates and connected using limited electroless Au-
plating.35 This provided resistance values for wires of 12 to 30
nm widths in the range of 440 Q to 37 MQ with resistivities
close to bulk gold for the wires with the highest conductances.
This further supports the idea that grain boundaries due to
inhomogeneous growth conditions appear to be one of the
challenges in DNA-templated fabrication of metallic wires.

A key problem for the traditional external deposition on
DNA templates is the lack of size control for the particles that
grow at the different positions along the DNA chain. This
makes the methodology prone to inhomogeneities. Inspired by
internal metal deposition schemes inside protein shells,>**” we
and others recently developed a DNA mold-based nanoparticle
fabrication scheme.*®*’ Here, the metal deposition occurs on a
nucleation seed inside the cavity of a DNA origami mold, such
that the mold wall influences the shape of the resulting particle.
This way, it was possible to synthesize gold and silver cuboids
of different dimensions and shapes.

Here, we extend the mold-based nanostructure fabrication
scheme by coupling mold monomers into large linear mold
superstructures (Figure 1). This enables the growth of highly
homogeneous, micrometer-long nanowires with ~30 nm width
that in part exhibit metallic conductance. To this end, we
assembled DNA molds using the DNA origami method"” from
an 8064 nucleotide long single-stranded DNA scaffold and
corresponding DNA staple oligomers (see the Methods
section). The mold monomers had a 40 nm long tube-like
shape with a quadratic cross-section.”” Each side wall of the
mold was composed of two layers of 10 parallel DNA helices of
equal length (Figure 1) providing a total of 64 helices for the
whole mold structure. Fabricated mold monomers were
preloaded with 5 nm DNA-functionalized gold nanopar-
ticles**" serving as seeds for the subsequent gold growth.
They were attached within the molds via four complementary
DNA capture strands extruding from the four cavity faces at the
given binding position (Figure 1a).*

To allow the formation of long linear mold superstructures
via sequential docking of mold monomers, we extended or
shortened the staples at the DNA helix ends (further called end
staples) by two nucleotides, such that the 2-nt extensions of
one mold could invade into the other mold and hybridize with
its scaffold (Figure la,b).

The mold geometry with helices of identical length is
asymmetric with respect to its ends. If we call one mold end the
head and the other end the tail side, then a particular DNA
helix that is recessed at the head side is extended at the tail side
(and vice versa), which results in a symmetry break. Thus,
when mold ends bind in a head-to-tail fashion, docking can be
obtained at all 64 helix ends, leaving no gap at the interface.
However, for head-to-head or tail-to-tail binding, a significantly
lower number of docking helices is obtained (44 or 36,
respectively). To obtain “neat-less”, ie. gap-free, mold
superstructures we therefore designed end staples to support
head-to-tail binding. We prepared two different types of

2117

a)

.V

c)

Figure 1. Scheme illustrating the mold-based gold nanowire. (a)
Design scheme of the mold bricks with specifically interacting ends
containing an internally attached S nm gold seed (see the inset in the
upper right corner). Adhesion of mold ends is obtained by either
protruding 5'-staple ends together with correspondingly recessed 3'-
staple ends at the mold ends (A—A’ interface; see the sketches in the
top row) or protruding 3'-staple ends together with recessed $'-staple
ends (B—B' interface). (b) Self-assembly of a long mold superstructure
using two mold types, each carrying an A or a B interface, being
complementary to the A" or the B’ interface of the other mold type,
respectively. (c) Gold nanowire formation by metal deposition at the
seeds inside the mold chain.

interfaces: interface A—A’, for which end staples were extended
by 2 nt at the 5’-ends and correspondingly recessed at the 3'-
ends, as well as interface B—B’ with recessed 5’-ends and
extended 3’-ends (Figure la). Here, A and B denote the head
side of the mold and A" and B’ the complementary side on a
mold tail side, respectively.

For the assembly of linear mold chains a single interface, e.g,,
monomers with A—A’ ends would suffice. In this case mold
chains would already form during origami hybridization, which
would, however, inhibit the loading of the molds with gold
seeds at internal sites. We therefore designed two different
mold monomers: one with AB’ ends and the other with BA’
ends. While each mold type would be monomeric alone, their
mixing should result in the desired chain formation (Figures 1
and 2).

Following the outlined approach, we assembled AB" and BA’
molds, loaded them with gold nanoparticle seeds, and subjected
them to TEM imaging (Figures 2a and S1). In contrast to our
expectations, both monomers alone formed extended linear,
partially staggered, chains, which, in turn, led to poor
decoration with seeds. We hypothesized that, due to the large
number of “attractive” ends (all 64 helix ends contained 2 nt
recessions and extensions), mold monomers could bind to
themselves, forming nondesired head-to-head and tail-to-tail
interactions. Apparently, the presence of mismatches between
staple extension and scaffold did not lower the affinity between
single helix ends sufficiently to prevent unspecific binding.

To suppress unspecific interactions, the number of attractive
helix ends was reduced by omitting end staples at some of the
helix ends, which are in the following called nonattractive ends.

DOI: 10.1021/acs.nanolett.8b00344
Nano Lett. 2018, 18, 2116—2123
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Figure 2. Fine-tuning the specificity of adhesive mold ends. (a—c) Type of staple ends used and their positions on the 3D model (upper row) as well
as corresponding TEM images of the AB’ and BA’ mold monomers. Tested were (a) attractive ends only (in yellow), (b) attractive ends together
with nonattractive ends (in gray, obtained by omitting ends staples), and (c) attractive and repulsive ends (blue, obtained by 6 nt non-
complementary S'-staple overhangs). (d) Mixing AB’ and BA’ mold monomers comprising attractive and repulsive end staples (as in panel c) results
in mold oligomer formation. (e) By using optimized multimerization conditions, long linear mold chains are obtained. Preloading of the monomers
with two seeds at high decoration efficiency results in a homogeneous loading of seeds inside the mold superstructure (see the inset). The scale bars

correspond to 50 nm.

Here, the scaffold forms a dangling loop. For 16 to 24 attractive
ends with the remaining ends being nonattractive, considerable
unspecific interactions between mold monomers were observed
nonetheless (Figures 2b and S1). To further reduce unspecific
binding, repulsive interactions between helix ends were
incorporated. To this end, the previously nonattractive ends
were made repulsive by extending the end staples at these
positions by 6 nt for both §’ and 3’ ends (see the sketch in
Figure 2c). The steric clash between these dangling ends should
introduce an energetic penalty compared to the nonattractive
end configuration. In agreement with this expectation, TEM
imaging revealed the monomeric nature of molds containing up
to 24 attractive helix ends (Figures 2c and S1). These
monomers exhibited a high seed decoration efficiency because
gold nanoparticles could freely enter the mold ends.

We next tested whether the optimized molds with attractive
and repulsive ends could form specific interactions by mixing
seed decorated AB" and BA" monomers. While molds with 16
and 20 attractive helix ends remained mostly monomeric
(Figure S1), molds with 24 attractive ends supported the
formation of linear oligomeric mold assemblies already after 10
min of incubation (Figure 2d). To prepare long mold chains for
subsequent metallization, we carried out the following
optimizations: (i) addition of 2 seeds per mold monomer to
avoid interruption of gold wire in case of missing seeds, (ii)
chain formation overnight to obtain lon§ assemblies, and (iii)
polyethylene glycol (PEG) precipitation* after chain formation
to remove unbound gold seeds. All together, these
optimizations yielded pm-long linear mold chains containing
evenly 20 nm spaced gold seeds with 96 + 2% decoration
efficiency (Figure 2e).

2118

To fabricate gold nanowires, the linear mold superstructures
were used in a previously established seeded growth
procedure.”” Mold chains were premixed with the reducing
agent hydroxylamine. Subsequently, a solution of the gold
precursor H[AuCl,] was quickly injected into the rapidly stirred
solution. The reaction self-terminated due to the consumption
of H[AuCl,] after ~1 min as judged from color changes of the
solution. TEM and SEM imaging revealed a homogeneous gold
deposition at all seeds (Figure 3). The lengths of the grown
structures were in the micrometer range (Figure S2). At low
amounts of precursor, the grown gold particles still remained
well-separated (Figure 3a), while at larger amounts of
precursor, the grown particles appeared more and more
connected to each other (Figures 3b,c and S3). At the largest
precursor concentration the particles formed quasi-continuous
pum-long wires that were occasionally interrupted by smaller
gaps (Figures 3c,d, and S4). These structures were stable in
solution for several days. Only at larger precursor concen-
trations did aggregation occur. We note that the highly
homogeneous particle growth and the stability of the wires
was only achieved when the seed-loaded mold chains were
subjected to the PEG precipitation before metallization. This
was most likely due to residual PEG traces because PEG is also
used as a surfactant in nanoparticle synthesis.*> The resulting
nanowires (Figure 3d) had diameters of 32 + 3 nm. Despite
occasional gaps, these wires were of excellent homogeneity
compared with other DNA-templated metal structures. Thus,
the mold-assisted growth of metal nanoparticles can be
successfully transferred to large mold superstructures.

To reveal which role residual gaps are playing and whether
the wires can exhibit metal-like conductance, we investigated

DOI: 10.1021/acs.nanolett.8b00344
Nano Lett. 2018, 18, 2116—2123
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Figure 3. Gold nanowires obtained by gold deposition within the seed
decorated linear mold superstructures. TEM images of the obtained
structures for different relative amounts of gold precursor are shown:
(a) 1-fold, (b) 2-fold, and (c) 4-fold H[AuCl,]. (d) SEM image of a
gold nanowire on a SiO, support grown with 4-fold H[AuCl,]. The
scale bars correspond to 50 nm.

the electrical transport properties of several fabricated nano-
wires with 110 to 1000 nm in length. The electrical contacting
of individual DNA origami mold-based gold nanowires was
performed in three steps. (i) Using electron beam lithography,
45 contact areas (in three parallel arrays) were patterned on top
of SiO, substrates containing the adsorbed gold nanowires.
Each contact area had a total of 4 90 ym X 90 ym Au contact
pads and 144 alignment marks arranged in a square lattice with
an 8 pum distance between neighboring marks (Figure 4a). (ii)
Using scanning electron microscopy, the coordinates of the
individual wires relative to the alignment marks were recorded
(Figure 4b). (iii) The recorded locations of the nanowires were
used to obtain corresponding electron-beam exposure positions
to place electrical contacts on the nanowires. This procedure
allowed to write four electrodes, even on a 600 nm long
nanowire (Figure 4c). Overall, the wires adhered well to the
substrate, such that they retained their shape during the
lithography and the solvent-based ultrasonic lift-off process, as
confirmed by SEM imaging.

Two-terminal current—voltage (I—V) measurements were
performed on 22 individual wires. The measured resistance
values at room temperature (RT, ie., 293 K) including the
contact resistance between EBL-patterned gold electrodes and

nanowires were between 90 Q and 30 G2 without showing a
clear length dependence (Figure ).
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Figure 5. Resistance values as a function of length for the
characterized gold nanowires. Wires chosen for temperature-depend-
ent measurements are shown by a star-shaped symbol.

The limited resolution of SEM imaging on the SiO,
substrates did not allow to correlate the measured resistance
with the wire morphology (Figure S5). Therefore, to
understand the large variation in resistance values, we measured
the temperature dependence of the charge transport of two
highly conductive nanowires (labeled CW-1 and CW-2 with
RT resistances of 90 + 5 Q and 460 + 10 Q) as well as two
highly resistive nanowires (labeled RW-1 and RW-2 with RT
resistances of 190 + 5 kQ and 690 + 5 MQ). The inset of
Figure 6a depicts a nanowire with a length of 800 nm, which
was contacted by four terminal gold contacts. SEM imaging
revealed 13—15 nm gaps between the contact points 2 and 3 as
well as 3 and 4 leading to insulating behavior in I-V
measurements (see Figure S6). A high conductance was
found for the wire segment between contacts 1 and 2 (CW-
1). The I-V characteristics of CW-1 (200 nm length and 40
nm width) was linear throughout the considered temperature
range between 4.2 K and RT (see Figures 6b and 7a). This
indicates an ohmic behavior of the nanowire itself as well as its
contacts. The resistance of the wire was weakly decreasing with
temperature from 90 € at 293 K to 50 Q at 4.2 K, as expected
for a metallic wire. A qualitatively similar behavior was observed
for the 285 nm long nanowire CW-2 with a 30 nm average
width (see Figures 6b and 7b) for which resistances of 460 and
420 € at 293 and 4.2 K were measured, respectively.

Temperature-dependent I—V measurements on the more
resistive nanowires RW-1 (290 nm length and 36 nm width)

a) b)

c)

Figure 4. Electrical contacting of mold-templated nanowires. (a) SEM images of one out of 45 contact areas comprising four contact pads. Contact
pads were fabricated on SiO, substrates containing the adsorbed gold nanowires. In between the electrodes, 144 alignment markers arranged in a
square lattice defined 36 “writing” fields of 8 ym X 8 um size. (b) Enlarged view into a single writing field (corresponding to the black square in
panel a) containing a 600 nm long gold nanowire. (c) The gold nanowire shown in panel b after contact writing. Each contact to the wire connects
to one of the four contact pads shown in panel a.
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Figure 6. -V characteristics of the different nanowires measured at the temperatures of 4.2 and 293 K. SEM inset images show the nanowires after
contacting (scale bars are 200 nm). (a,b) I-V curves for the highly conductive wires CW-1 and CW-2 obtained by sourcing the current and
measuring the voltage drop across the wire. Resistance values shown next to the curves were obtained from linear fits (solid lines). (c) Normalized
natural logarithm of the conductance values as a function of T~* for CW-1 and CW-2. (d,e) I-V curves for the resistive wires RW-1 and RW-2
obtained by applying a voltage bias and measuring the resulting current. (f) Normalized natural logarithm of the conductance values as a function of
T~ for RW-1 and RW-2 (filled circles). Exponential fits to the data in a selected temperature range are shown as solid lines.

and RW-2 (115 nm length and 39 nm width) revealed linear
behavior at RT (Figure 6d,e). However, at low temperatures
(50 to 4 K), the I-V curves became nonlinear in between —30
and +30 mV (Figure S7). Therefore, resistance values were
calculated from the slope of the linear part of the curves (—10
to 10 mV). The resistance was strongly temperature dependent
for both wires; it increased for RW-1 from 190 kQ at RT to 14
MQ at 10 K and for RW-2 from 700 MQ at RT to 23 GQ at 4
K. Thus, both wires did not show metallic conductance
behavior.

To better understand the nature of the charge transport in
these nanowires, we plotted the normalized natural logarithm
of the conductance In[G/G(T,,)] as a function of the
reciprocal temperature (T™'). The conductance of both CW-
1 and CW-2 increased mildly with decreasing temperature, as
discussed above (Figure 6¢). Saturation of the conductance at
low temperatures (4.2 to 20 K) was observed in CW-1 and
CW-2. In contrast, the conductance of the resistive nanowires
RW-1 and RW-2 decreased strongly, initially in an exponential
fashion with the reciprocal temperature (Figure 6f). While RW-
1 exhibited an exponential decrease over the whole temperature
range, the conductance of RW-2 saturated for temperatures
below 30 K.

An exponential conductance decrease indicates a thermally
activated hopping mechanism for the charge transport, e.g., due
to low conductance barriers in between conductive wire
segments. Here, the conductance is governed by the activation
energy, E,, necessary to overcome the barrier according to G =
exp(—E,/ksT), where ky is the Boltzmann constant.**~*

The activation energies of the wires were obtained from the
slope of the linear sections in the conductance yielding 5 + 0.5
meV for RW-1 (temperature range from 10K to RT) and 45 +
S meV for the more-resistive wire RW-2 (temperature range
from 70 K to RT). While a hopping mechanism seems to
dominate the conduction of RW-1 at all temperatures, hopping
conductivity is observed for RW-2 only at high temperatures. At
low temperatures, between 4 and 30 K, the independence of
the conductance of RW-2 on the temperature suggests that

2120

direct tunneling of electrons through an energy barrier is the
dominant mechanism in this regime. For temperatures in
between the tunneling and the hopping regime (30 to 70 K) a
thermionic conduction mechanism comes into play*' due to
decreases in the effective barrier height and the excitation of
more electrons.

In summary, we successfully demonstrated the fabrication of
highly homogeneous and conductive nanowires using DNA
molds. An important step was herein the fine-tuning of the
specificity of the mold—mold interactions using attractive and
repulsive ssDNA overhangs. In only this way did molds of a
given type stay monomeric and could thus be efficiently loaded
with gold nanoparticle seeds. Mixing two mold types with
likewise attractive interfaces resulted in the formation of linear
mold superstructures being hundreds of nanometers long and
comprising dozens of monomers. The subsequent gold
deposition at the seeds produced nanowire structures that
consisted of nearly perfectly aligned gold nanoparticles of
homogeneous size. This demonstrates that the mold-assisted
growth of metal nanoparticles can be applied to large
superstructures. Our approach represents thus a new way to
DNA-templated nanostructure fabrication.

At elevated amounts of deposited gold, the grown nano-
particles became connected to each other, such that the
resulting structures became quasi-continuous. To verify
whether actual gold—gold contacts between the particles had
been established, we employed temperature-dependent con-
ductance measurements enabled by high-precision contacting
of the wires using electron beam lithography. These character-
izations provided diverging results. A small part of the wires
exhibited high metal-like conductivity, verifying that metallic
gold—gold contacts could be successfully formed over 20 to 30
contiguous particle boundaries (being spaced by 20 nm). This
is remarkable because only very recently were high con-
ductivities of DNA templated gold structures achieved using
long gold nanorods with much fewer interfaces and a surface-
based metallization procedure.”
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Establishing metallic contacts at the particle—particle
interfaces still remains a critical factor because many of the
tested wires exhibited significantly reduced conductance values.
Comprehensive temperature-dependent characterization of two
more resistive wires revealed that the charge transport was
dominated by a single effective energy barrier reflected by the
single exponential decrease of the conductivity with reciprocal
temperature. This suggests that the charge transport was
dominated by a single nonmetallic interparticle interface that
needed to be overcome by hopping at higher temperatures. The
width of such nonmetallic gaps was presumably in the low
nanometer range supported by the observation of tunneling
dominating the charge transport at low temperatures for one of
the tested wires.

Future work will focus on improving the perfection of the
obtained wires by increasing the yield for establishing metallic
interparticle contacts. Nonetheless, our results represent a
considerable advancement in DNA-templated fabrication of
electronic devices regarding the homogeneity and the
potentially high conductivity of the obtained structures. Beyond
that our approach, based on large DNA mold superstructures,
opens a versatile route for self-assembly-based device
fabrication. Using molds with different geometries (e.g.,
different diameters, additional docking sites, and junctions)
and specific interfaces as well as different materials should
enable the fabrication of whole devices including gate
electrodes and even device networks.

Methods. DNA-Origami Design, Assembly, and Analysis.
The DNA origami molds (Figures S8 and S9) were designed
using CaDNAno*” and comprised of parallel helices arranged in
a square lattice.”® Reverse-phase cartridge purified oligonucleo-
tides for the DNA origami objects were purchased from
Eurofins MWG Operon. Single-stranded p8064 scaffold DNA
was purchased from Tilibit Nanosystems (Garching). The one-
pot assembly reaction was performed as follows: the 10 nM
scaffold p8064 was mixed in folding buffer containing 5 mM
Tris—HCI, 1 mM ethylenediaminetetraacetic acid, and 11 mM
MgCl, (pH 8.0) with unpurified staple strands and capture
strands in a molar ratio of 1:10:1 (per individual sequence).
The reaction was heated to 80 °C for S min and cooled to 25
°C over 15 h using a nonlinear temperature ramp, with the
slowest temperature decrease occurring between 55 to 45 °C.
The folded objects were investigated with gel-electrophoresis
(1% agarose gel, 0.5 TBE, 11 mM MgCl,, and 3.5 V/cm).
Subsequently, the molds were purified using precipitation with
polyethylene glycol to remove excess staples.”” For TEM
imaging, 2—3 uL of a diluted origami sample solution (1-2
nM) was applied to glow-discharged carbon-coated grids. The
sample was subsequently stained using a filtered 2% solution of
uranyl formate in S mM NaOH for 2 min. TEM imaging was
performed in a Zeiss Libra 120 or a Phillips CM200 Ultra Twin
transmission electron microscope at 80 or 120 kV, respectively.

Decoration of DNA Molds with Gold Nanoparticle Seeds.
AuNPs (S nm; Sigma-Aldrich) were densely coated with 15 nt
poly thymidine oligonucleotides carrying a $’-thiol modification
as described before using the method of salt aging.*”***’ The
particle concentration was estimated from the absorbance at
520 nm. DNA-functionalized gold nanoparticles were mixed
with the purified DNA origami molds in the presence of 300
mM NaCl at a molar ratio of 3:1 or 6:1 for molds with one or
two seed binding sites, respectively. The mixture was slowly
heated to 40 °C and afterward cooled down to 23 °C over a
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duration of S h to allow hybridization of the AuNPs with the
complementary capture strands on the mold.

Formation of Linear-Mold Superstructures. A pair of types
of mold monomers (AB’ and BA’) were designed that only
allow specific head-to-tail binding to the other monomer type
(see Figures S8 and S9 for the design details of the mold ends).
After preloading with seeds, both monomers were mixed in a
1:1 molar ratio and incubated for up to 24 h followed by a
precipitation with PEG to remove excess seeds.

Seeded Growth of Gold within Mold Superstructures. The
concentration of the mold superstructures was adjusted with
folding buffer (see above), such that 1 nM mold monomers
were present in solution, and hydroxyl amine (NH,OH) was
added at a 6-fold molar access over the subsequently added
gold precursor. The gold growth was initiated by injecting 1X,
2X, or 4X of 0.9 uL of 25 mM H[AuCl,] into a 100 yL final
volume of the NH,OH-containing mold solution.*” During
growth, the solution was vigorously stirred, and after 1 min, the
grown wires were deposited on TEM grids or SiO, substrates.

Deposition of the Gold Nanowires on Wafer
Substrates. Grown gold nanowires were deposited on p-
doped Si/SiO, (300 nm oxide layer) wafer substrates diced into
1 cm X 1 cm squares. The surface was treated with an O,
plasma (PICO, Diener Electronic-Plasma Surface Technology)
at 7 sccm O, and a power of 240W for 3 min to make the
hydrophobic surface more hydrophilic (see Figure S10). The
sample was rinsed with ethanol (20 s) and pure-membrane
water (20 s). Subsequently, 20 L of the nanowire sample were
placed on the wafer surface for 1 h. Afterward, the substrate was
dipped in a 1:1 mixture of ethanol and deionized water for 30 s.
To remove the organic DNA layer around the nanowires, the
sample was again subjected to O, plasma at 7 sccm O, and 300
W for 30 min.

Electron-Beam Lithography and Electrical Measure-
ments. The electrical contact pads and markers were fabricated
using electron beam lithography (RAITH e-line Plus). ZEP520
electron beam resist was spin-coated on the samples and baked
at 150 °C for 10 min. The resist was exposed at a 35 /JC/cm2
area dose to define contact pads, markers, and small contacts.
The resist was developed in n-Amyl acetate for 90s and
subsequently in isopropanol for 30 s. A S nm Ti adhesion layer
followed by a 100 nm gold layer were deposited at 0.2 and 2 A/
s with electron-beam evaporation (Bestec UHV Evaporation
Tool). Lift-off was performed by immersion in ZDMAC
(Dimethylacetamide) and subsequent washing with IPA,
followed by drying in a N,-stream. Electrical measurements
were carried out using a semiconductor parameter analyzer
(Agilent 4156-C) in vacuum (10~° mbar) and in the dark using
two probes. A helium flow cryostat system was used for
temperature-dependent electrical measurements. The samples
were cooled to 4.2 K, and measurements were performed while
heating up. I-V measurements were performed by sweeping of
the voltage (0 to 30 mV and 0 to —30 mV) or the current (0 to
1 uA and 0 to —1 uA) for resistive or conductive wires,
respectively. The resistances or conductances of the were
determined by least-squares fitting of a linear function to the
measured V—I or I-V curves, respectively. For wires that
showed nonlinear I-V relations at low temperatures (RW-1
and RW-2), we determined the zero-bias resistance (con-
ductance) as the slope of the curve at the inflection point near
zero current (voltage).
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Electronic-skin compasses for geomagnetic field-
driven artificial magnetoreception and interactive
electronics

Gilbert Santiago Cafién Bermudez*, Hagen Fuchs, Lothar Bischoff, Jiirgen Fassbender and
Denys Makarov®*

Magnetoreception is the ability to detect and respond to magnetic fields that allows certain organisms to orientate themselves
with respect to the Earth's magnetic field for navigation purposes. The development of an artificial magnetoreception, which
is based solely on an interaction with geomagnetic fields and can be used by humans, has, however, proved challenging. Here
we report a compliant and mechanically robust electronic-skin compass system that allows a person to orient with respect to
Earth's magnetic field. The compass is fabricated on 6-um-thick polymeric foils and accommodates magnetic field sensors
based on the anisotropic magnetoresistance effect. The response of the sensor is tailored to be linear and, by arranging the sen-
sors in a Wheatstone bridge configuration, a maximum sensitivity around the Earth's magnetic field is achieved. Our approach
can also be used to create interactive devices for virtual and augmented-reality applications, and we illustrate the potential of

this by using our electronic-skin compass in the touchless control of virtual units in a game engine.

has led to an increased interest in electronics with seamless

integration schemes. Electronic skins (e-skins)'~*, which com-
bine sensors®” and actuators®” in a compliant and mechanically
imperceptible''-** format, eliminate the need for rigid interfaces,
and could simplify and enhance the interaction experience between
the user and the device.

Magnetic sensors have been proposed as a way to interact with
objects in a touchless manner and move beyond conventional tac-
tile interactions. Such sensors have been applied to virtual reality
systems'’~*! or to create artificial magnetoreception’-**. However,
these approaches require the use of either cumbersome implanted
rigid magnets** or bulky non-ergonomic equipment'*-*»*. Flexible
magnetosensitive skins*~, enabled by shapeable magnetoelec-
tronics™, could offer artificial magnetoreception in a seamless
and comfortable on-skin platform, which also avoids the need for
complex implantations.

A range of flexible magnetic sensors have previously been created,
based on giant magnetoresistance (GMR)****'~*%, spin valves***, tun-
nelling magentoresistance (TMR)***, anisotropic magnetoresistance
(AMR)***, magnetoimpedance (GMI)***" and the Hall effect®*-*.
Moreover, stretchable sensors based on GMR**"* and spin valves**®
have also been developed. (The advantages and disadvantages of dif-
ferent fabrication technologies for flexible magnetic field sensors
have recently been reviewed****!.) The basic building blocks of mag-
netosensitive e-skin technology—the emulation of pressing (prox-
imity sensing)**~** and turning (direction sensing)’*—have already
been established. However, these magnetosensitive e-skins are still
limited by the need to operate at magnetic fields in the range of mil-
litesla, which requires the use of permanent magnets*>****,

The ability to operate without any external magnetic biasing,
and thus relying only on the geomagnetic field, would simplify the
implementation of artificial magnetoreception devices on human

| he continuing expansion of electronic devices into daily life

skin. Such devices would not require any modification of the mag-
netic field landscape via the installation of permanent magnets to
appropriately modify the magnetic field of the Earth***, and could
allow detection of the azimuthal rotation of the body or parts of
the body. However, realizing these devices requires harnessing the
geomagnetic field of about 50 uT for spatial orientation, which is
out of reach for current state-of-the-art approaches in shapeable
magnetoelectronics.

In this Article, we report a highly compliant e-skin compass
based on geometrically conditioned anisotropic magnetoresistive
(AMR) sensors, which enables the detection of geomagnetic fields.
Our design results in a two orders of magnitude improvement in
field detection range compared with previous magnetoresistive sen-
sors for angle detection. High mechanical compliancy is achieved
by fabricating the device on ultrathin 6-pm-thick Mylar foils, which
results in a 25 times better bendability than previously reported
values for flexible AMR sensors, without sacrificing sensor perfor-
mance. The fabricated device exhibits high durability, withstanding
two thousand bending cycles while retaining its functionality. The
combination of an improved magnetic field detection range and
mechanical endurance enables epidermal electronics with artificial
magnetoreception, in an approach that does not require any perma-
nent magnets and is driven by the geomagnetic field. To illustrate
the capabilities of our device, we use it for human orientation in an
outdoor setting and the manipulation of objects in virtual reality.

E-skin compass fabrication and mechanical performance

To fabricate the e-skin compass we began with 6-pm-thick Mylar
foils laminated to a rigid support based on polydimethylsiloxane
(PDMS) coated glass slides. On the foils we deposited a sensing
layer based on 50-nm-thick ferromagnetic stripes of Permalloy
(Py, FeyNi,, alloy), capped by a 100-nm-thick gold (Au) contact
and conditioning layer (Fig. l1a and Supplementary Figure 1). The
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Fig. 1| Fabrication and mechanical performance of the e-skin compass. a, Fabrication process of the e-skin compass. b, Schematic of the device after
fabrication and connection layout. ¢, Optical micrography of the fabricated device. Scale bar, 500 um. d,e, Close-up SEM images of the upper-right
meander of the device. Scale bars, 20 and 5um, respectively. f, AMR response of a single meander bent to different radii of curvature (150 um in black,
6 mm in blue, 10 mm in red and flat state in green). g, AMR effect and nominal resistance for a single meander as a function of the radius of curvature.
The dots represent the experimental data with its respective error bars and the dashed lines are a guide to the eye. The error bars represent the RMS
noise level. h, AMR performance and resistance change of a single meander as a function of the number of bending cycles. The blue dots represent the
resistance variation upon mechanical cycling without a magnetic field. The inset with black open circles depicts the resistance change when an external
magnetic field is applied (plateaus) during mechanical cycling. The red dots are introduced to highlight the average values at the baseline (no magnetic
field) and the plateaus (with a magnetic field). i,j, SEM close-up images of the e-skin compass under a bending radius of 200 um. Scale bars, 100 um for
both images. kI, SEM images and FIB cross sectional cut of the e-skin compass under a bending radius of 10 um. Scale bars, 10 and 1um, respectively.

layout of the compass was designed as a full Wheatstone bridge
where each of the four elements is a geometrically conditioned
AMR sensor based on Py meander stripes (Fig. 1b-e).

To evaluate the performance of the Py sensing layer on ultrathin
foils, we measured the AMR response of single meanders under dif-
ferent radii of curvature down to 150 pm (Fig. 1f). The AMR effect
remains unchanged at about 1.4% until 150 pm bending radius,
when it decreases slightly to about 1.1% (Fig. 1g, upper panel). This
change was accompanied by an increase in the electrical resistance,
which suggests there might be some cracking involved as the Py film
approaches its fracture strain (Fig. 1g, lower panel). This is at least
one order of magnitude boost in bendability compared to AMR
sensors prepared on thicker substrates**. To examine the effects of
dynamic bending, we carried out cyclic bending tests, where a single
meander sensor is repeatedly bent from its flat state up to a radius of
curvature 1 mm for 2,000 cycles. The AMR response remains stable
at about 1.4% even after 2,000 bending cycles. At the same time the
change of the electrical resistance of the sensor due to mechanical
deformations does not exceed 0.2% (Fig. 1h).

To assess the impact of mechanical deformations on the func-
tional layer stack of the e-skin compass, we studied the morphol-
ogy and integrity of its functional layers using scanning electron
microscopy (SEM) imaging of the top surface of the devices but also
of the cross-sectional cuts realized via focused ion beam (FIB) etch-
ing. The e-skin compass does not experience any film damage even
for radii of curvature as low as 200 um (Fig. 1i,j). This is about an
order of magnitude smaller compared to previous reports on flex-
ible AMR sensors prepared on 100-pm-thick foils*’. This superior
bendability of e-skin compasses is enabled by using ultrathin foils,
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which reduce the effective strain in the functional layers of the
device'>'**#_ The analytical calculations (described in Methods)
allow us to estimate a minimum bending radius of 100 pm before
reaching the critical strain in the layer stack. This prediction agrees
with the experimental data, as occasional fracturing is observed
when the sample is bent to a radius of below 100um (Fig. 1k,
Supplementary Fig. 2), also correlated with an increase of the
sample resistance. Investigating the cross-section within the crack
region reveals that even in these extremely bent areas of the device,
the integrity of the functional layers is preserved, and no delamina-
tion can be perceived (Fig. 11). Another advantage of the reduced
thickness of the sensor on ultrathin films is the diminished stress
(1.25% at 150 um bending radius) on the metal layer. This is caused
by the rather close positioning of the neutral mechanical plane to
the magnetic film (1.8 um below). With thicker foils of about 100t
m in thickness, the distance to the neutral mechanical plane is up
to 30 times larger, which would also mean a 30-fold increase in
the strain at the functional sensing layer (further details are in the
Methods section). Furthermore, if an encapsulation layer of about
6 um were to be included, the strain at the layer could be nulled by
placing the sensing layer exactly at the neutral mechanical plane.

Conditioning and magnetoelectric characterization

The AMR sensors can detect magnetic fields with strengths in the
region of 1 mT, which is much greater than Earth’s magnetic field
(50pT). However, after geometric conditioning with slabs of gold
oriented at 45° or 135° with respect to the long axis of the sen-
sor stripes, the sensor response becomes linearized around zero
field and the geomagnetic field can be detected (Fig. 2a). This type

NATURE ELECTRONICS | VOL 1| NOVEMBER 2018 | 589-595 | www.nature.com/natureelectronics
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function of the angle of the sensor axis to the magnetic north.

of conditioning is known as the barber pole method, which is the
industry standard approach for AMR sensor conditioning™ .
Furthermore, by controlling the orientation angle of the slabs, the
sensor response can have a positive (for slabs oriented at 45°) or
negative (for slabs oriented at 135°) slope (Fig. 2a).

We combine both slab orientations within the same branch of
a Wheatstone bridge to maximize the thermal stability and signal
output range of the bridge. Optimizing the response of the bridge
requires tailoring its geometrical parameters (slab separation, stripe
length and stripe width) (Supplementary Fig. 3a) and tuning its bias
voltage (Fig. 2b). From our experiments, we determined an optimal
stripe width of 50 um, a slab separation of 10 um and a bias voltage of
1V to ensure a compromise between sensitivity, linear range and out-
put stability. With these parameters we achieved a single sensor sen-
sitivity of 0.54% mT " in the geometrically conditioned case (Fig. 2a).
On arranging the sensors in a Wheatstone bridge configuration, the
device operates as a compass and allows the detection of the Earth’s
magnetic field.

To evaluate the capabilities of the e-skin compass to detect Earth’s
magnetic field, we designed an experiment where the compass was
rotated and isolated from all non-geomagnetic sources (Fig. 2c and
Supplementary Fig. 4c,d). Then we monitored the compass out-
put voltage as a function of the angle between its sensing axis and
magnetic north. As can be seen in Fig. 2¢, the output voltage fol-
lows a sinusoidal wave pattern with a maximum when the sensor
directly aligns with north (verified by a reference compass) and a
minimum when it points south. This behaviour indicates that the
signal detected corresponded to the geomagnetic field. However, we
performed additional experiments to further discriminate the sig-
nal due to the Earth’s magnetic field from possible spurious signals.
We studied the effect of rotational offsets (Supplementary Fig. 5)
and external biasing fields (Supplementary Fig. 6). In all cases we
could successfully reconstruct the magnitude and orientation of the
geomagnetic field, thereby confirming the veracity of our measure-
ments. From all detection events, a peak-to-peak voltage of 496 uV
can be determined, which defines the available voltage range for
encoding 180° and yields an angular sensitivity of 2.5uV°~!. The
effective resolution of the device is ultimately limited by the noise,
which was measured to be 0.9 uV . Assuming a detection margin
of twice the noise (that is, 1.8 uV), the resolution of the e-skin com-
pass is about 0.7°, which is of the same order of magnitude as com-
mercial rigid compasses®. In addition, thermal drift effects were
found not to hinder the performance of the sensor, as the effec-
tive field detection limit was found to be less than 50 nT (further
information is given in Methods). Overall, these results represent a
two orders of magnitude improvement in the field detection range
over previous e-skin angle sensors®. Furthermore, in contrast to
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Fig. 3 | Outdoor geomagnetic detection. a, E-skin compass attached to
the finger of a person. b, Time evolution of the output voltage of the e-skin
compass when the person rotates back and forth from the magnetic north
(N) to magnetic south (S) via west (W). c-e, Snapshots of Supplementary
Video 4 showing the instants when the person points to N, W and S. A
compass rose dial with the cardinal points is overlaid on the snapshots to
signal the corresponding orientations.

magnetoimpedance (MI) based flexible sensors®, the e-skin com-
pass does not require any external biasing magnetic field and oper-
ates at 1 mA direct current.

E-skin compass rose

To demonstrate artificial magnetoreception with the e-skin com-
pass, it is important to investigate its ubiquitous navigation capa-
bilities. Therefore, we devised an open-air experiment where the
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Fig. 4 | Geomagnetic interaction with a virtual reality environment.
Control of the trajectory of a virtual character (panda) by hand motion in
the geomagnetic field. Moving the hand closer to magnetic north (to the
left) commands the panda to face left (1). An opposite movement to the
right directs the panda towards the screen (2). A hand motion to the centre
steers the panda slightly to the left at an angle in between the first two
orientations (3).

compass was attached to a person’s index finger to indicate his cur-
rent orientation (Fig. 3a and Supplementary Fig. 7).

Then, the person rotated his body within the geomagnetic field
and the compass output voltage was read out by a data acquisition
box connected to a laptop computer for visualization. Throughout
the experiment, the finger was kept parallel to the ground to read only
the in-plane component of the field. The rotation was performed
back and forth between magnetic north (N) and south (S) via west
(W), with all the orientations being verified by a reference com-
pass and recorded in a video (Fig. 3b and Supplementary Video 4).
From the video we selected several representative frames (N, S and
W), which are shown in Fig. 3c—e together with a superimposed dial
indicating the current heading of the person. These results show an
on-skin device that can replicate the functionality of a compass and
enable artificial magnetoreception for humans.

Geomagnetic virtual reality control
Another application area where we envisage the potential of the
e-skin compass is augmented or virtual reality (VR). In this case,
the e-skin compass will act as a mechanically compliant interactive
input device capable of directly translating the real world magne-
toreception into the virtual realm. To evaluate the functionality of
the e-skin compass within a virtual reality environment, we set up
an experiment where we used the output voltage of the compass to
control the orientation of a virtual panda inside Panda3D, a Python-
based game engine>. First, the compass was placed on a person’s
middle finger to define an axis of directionality. Next, the panda
was commanded to move forward at a constant speed within a pro-
gram, while its rotation angle was given by the movement of the
persons hand in the geomagnetic field (Supplementary Fig. 8). By
moving the axis of directionality, the person could control at will
the trajectory of the panda in the virtual environment without the
aid of any permanent magnet or optical sensory system, as typically
used in VR applications. The entire experiment was recorded in a
video (Supplementary Video 5) from which we selected and super-
imposed three representative frames, as shown in Fig. 4. On the
lower right, a compass drawing is included to indicate the physical
location of north during the experiment.

Here, the trajectory of the panda is highlighted as a dotted line
and the frames of interest are correspondingly labelled from 1 to 3.
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In the first frame (1), the person moved his hand to the left, moving
closer to magnetic north and thereby orientating the panda to the
left of the screen. In the following frames, the hand swung back to
the right, towards magnetic south (2), and then came back to the
centre at a neutral position (3). In each case the virtual panda cor-
respondingly rotated within its local reference axis, going into the
screen and then diagonally towards the left to reach its final posi-
tion. These results showcase an on-skin, entirely compliant gadget
able to manipulate a virtual object in a geomagnetic field.

Conclusions

We have developed a highly compliant e-skin compass capable of
detecting geomagnetic fields (40-60 pT) with no loss of functional-
ity even under bending to a radius of 150 pm. The sensitivity to geo-
magnetic fields was attained by geometrically conditioning AMR
sensors and arranging them in a Wheatstone bridge configuration.
High compliancy and mechanical performance were accomplished
by using ultrathin foils as a carrier substrate, thereby reducing the
effective strain on the functional layers. By combining the device
with a game engine, we created a virtual reality environment driven
by the motion of a hand in the geomagnetic field. Furthermore,
we demonstrated the use of the e-skin compass as an on-skin tag
that allows a person to orient outdoors using the geomagnetic field.
We envisage that this e-skin compass could enable humans to elec-
tronically emulate the magnetoceptive sense, which some mammals
possess naturally®, allowing us to orientate with respect to Earth’s
magnetic field in any location.

Our e-skin compass is based on the AMR effect. However, the
proposed technology can be readily extended to other magnetic
field sensors, and flexible sensor concepts such as giant magneto-
impedance® or the Hall effect’. These approaches can boost the
performance of an e-skin compass system by further increasing its
sensitivity (giant magnetoimpedance) and allowing out-of-plane
magnetic field detection (Hall effect).

Methods

E-skin compass fabrication. Glass slides of 22 X 22 mm? (VWR International)
were spin coated with Polydimethylsiloxane (PDMS, Sylgard 184, ratio 1:10)

at 4,000 r.p.m. for 30s and cured at 100 °C for 45 min. Separately, a 3D printed
polylactic acid (PLA) frame covering an area of 80 X 50 mm? was used to prestretch
6-um-thick Mylar (Chemoplex) foils by means of adhesive stripes on the frame
edges. After prestretching, the PDMS-coated glasses were flipped over, carefully
pressed over the prestretched foil and cut by the edges with a scalpel for release.
The resulting Mylar-covered glasses were used as substrates for preparing the
e-skin compass devices (Supplementary Fig. 1a).

Photolithography was performed over the Mylar foils using S1813 (Shipley,
UK) photoresist spun at 4,000 r.p.m. for 30s and cured at 110°C for 2 min. After
curing, the photoresist films were exposed using a direct laser writer (DWL66,
Heidelberg Instruments) and developed for 30's in MF319 (Microposit) developer.
Following the development process, 50-nm-thick films of Permalloy (Py) were
deposited on the samples by e-beam evaporation (pressure: 1x 10~ mbar, rate:
0.3 As™!). The unwanted parts were lifted-off in a remover 1165 (Microposit)
solution to define stripe patterns of Py with a width of 50 pm on the Mylar foils.
Next, a second lithographic step with the same parameters was performed to
define the electrical contacts and barber pole slabs of the compass. During this
step, a 5-nm-thick adhesion layer of titanium (Ti) was evaporated (pressure:
3.1x 10~*mbar, rate: 0.3 As™') followed by a 100-nm-thick layer of gold (Au)
(pressure: 4 X 10~ mbar, rate: 3 As™).

Compass design and geometric conditioning optimization. The compass was
devised as a combination of single AMR sensors made of ferromagnetic thin films
of Permalloy (Py). Each of these sensors was designed as a meander structure

to achieve, within the most compact footprint possible, the highest aspect ratio
between the total length of the meander and its width. This methodology improves
the immunity to noise of the sensor by increasing its initial resistance and can
extend its linear range by introducing a shape anisotropy, which is observed when
the stripe width decreases below 50 um. For AMR sensors to be useful for compass
applications, they have to be geometrically conditioned using the barber pole
method™*>**, In this method, the stripes of ferromagnetic material are covered
with slabs of a conductive material (Au in our case), which are oriented at 45°

with respect to the easy axis of the Py stripes. By performing this modification, the
current is forced to flow at 45° within the stripe, which effectively linearizes the
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AMR response of the sensor around zero magnetic field. This linearization has the
effect of noticeably increasing the sensitivity of the sensor for small fields (less than
1 mT) while also giving it the ability to identify the sign of the field applied. These
characteristics are ideal to reliably detect the Earth’s magnetic field.

To find the most suitable barber pole geometry for our purposes, we studied
the effect of certain geometrical parameters on the overall sensor response. First,
we checked how the separation between the slabs influences the sensor output. It
was found that the linearization effect arose only at separations of 10 um (for the
case of 50-pum-wide Py stripes). Larger separations between slabs showed very
little or no linearization effect. This can be attributed to the fact that at larger
separations, the portion of the current, which effectively flows skewed, is greatly
reduced (Supplementary Fig. 3b).

Next, we explored how the width of the ferromagnetic stripes changed the
overall sensor response. For this purpose, we prepared meanders with stripe widths
of 20, 30, 40 and 50 um and monitored their AMR characteristics. It was observed
that as the width of the Py stripes decreased, the linear range increased from +1 mT
at 50 um up to +2mT at 20 um. However, as the linear range increased, the
sensitivity decreased from 0.54 % mT~' at 50 um down to 0.26% mT~" at 20 um.

As the sensitivity is a more relevant parameter for the compass, we chose a stripe
width of 50 um for the main set of experiments.

Following this optimization, we combined four single meanders into a full
Wheatstone bridge to compensate for any thermal effects intrinsic to the metallic
nature of Py. In addition, this configuration provided a way to control the bridge
output sensitivity by tuning the bias voltage V/,,,, of the bridge (Sy;= V},,Ss» where
Sy is the sensitivity of the bridge and S is the sensitivity of a single sensor). In
the case of a bridge with 20-pm-wide stripes with a single sensor sensitivity of
0.26% mT~", the output sensitivity can be tuned from 5pV pT~" at a bias of 2V, up
to 13V pT~" at a bias of 5V (Fig. 2b). Bias voltages below 2V improve the
device performance by avoiding thermal drift in the output due to the increased
current density.

To quantify this drift, we calculated the intrinsic thermal (Johnson) noise for
the bridge with an output resistance of 1k at a temperature of 300 K:

V., _ _ nV
wITE [(4k,TR) —4.06m.

However, the effective thermal noise of our measurements is given by that of

the read-out electronics, since it is significantly larger than that of the sensor
(55nV/ \/ Hz). Next, we measured the output voltage noise over 50,000 samples
and converted it to the frequency domain via fast Fourier transform (FFT). From
the frequency plot we determined the corner frequency of the measurement

to be about 20 Hz (Supplementary Fig. 9). Using this frequency, the previously
determined output sensitivity of 5V T~' @2V and the Johnson noise value for

the electronics, the detection limit was found to be 49 nT. Introducing low-noise
electronics (about 15nV/ \/ Hz) would further enhance the limit of detection of our
device to 13 nT.

Characterization set-up (linear regime). The magnetic response of the compass
was characterized using a pair of Helmholtz coils (LBL Lehrmittel) with a spacing
of 5.5cm to ensure uniformity of the magnetic field. The coil was powered by

a bipolar power supply (Kepco). A Keysight 34461 A (Keysight Technologies)
tabletop multimeter was used for collecting the resistance and output voltage of
the samples, respectively. A magnetic field sweep was carried out to determine
the linear operation range of single sensors by setting the field at an angle of 90°
with respect to their magnetic easy axis. Then, the same set-up and methodology
were employed to characterize the response of the full Wheatstone bridge within
its linear regime under different bias voltages from 1 to 5V provided by a B2902A
Source Measure Unit (Keysight Technologies). Prior to all measurements, the
magnetic field inside the coils was measured with a HG09 gaussmeter (Goudsmith
Magnetic Systems) for different bias currents to derive a calibration curve. The
calibration curve was used during the measurements to determine the strength of
the applied magnetic field.

Validation of geomagnetic field sensing. Three distinct tests were carried out

to verify that the e-skin compass detects the geomagnetic field. Test 1 (Rotation
within Earth’s magnetic field): As an initial detection test, the e-skin compass was
placed on a cylindrical sample holder (radius 35 mm, height 30 mm) which was
attached to a ruler and manually rotated in the presence of the geomagnetic field
only. During the rotation process, the voltage output of the compass was recorded
to determine the orientations at which the maxima and minima arise. These
angular positions are assigned to the north and south poles of the geomagnetic
field, respectively, as they arise with a phase shift of exactly 180°. Furthermore,
the angular positions coincided with magnetic north as shown by a smartphone
compass app (Compass, Gabenative, Sony Xperia Z5) used as a reference
(Supplementary Fig. 4d and Supplementary Video 1). To precisely determine

the angular response and the resolution of the e-skin compass, we replaced the
mechanical pivot with a rotating stage driven using a stepper motor (Eckstein).
The set-up was applied to continuously rotate the samples in the geomagnetic
field for up to two complete turns. The control of the set-up was realized using

LabVIEW 2015 software (National Instruments). The samples were positioned
3 cm above the end of the stepper motor’s shaft to ensure that there were no
disturbances stemming from the in-plane component of the magnetic field
generated by the motor during the measurements. The collected curves were
further analysed to determine the angular resolution of the compass (Fig. 2 and
Supplementary Fig. 4c).

Test 2 (Initial offsetting): To determine if the peak response detected by the
e-skin compass always arises at the same geographical location (angular position),
the initial orientation of the sensor axis was shifted 90° and —90° with respect to
the starting configuration (—108° to magnetic north), as shown in Supplementary
Fig. 5 and Supplementary Video 2. For each case (0°, 90° and —90°), the sample was
rotated for two complete turns and the output voltage was recorded. The acquired
data was used to evaluate the phase shift of the signals. The summary of the data
is shown in Supplementary Fig. 5. The extrema at the measured three curves are
phase shifted accordingly to the offset angle.

Test 3 (Geomagnetic field reconstruction via vector subtraction): To determine
if the detected output voltage peaks univocally correspond to the geomagnetic
field, we introduced an external biasing magnetic field H_; of 43 uT using a
Helmholtz coil and measured the resulting output voltage V, ... (Supplementary
Fig. 6 and Supplementary Video 3). From this voltage, we calculated the detected
magnetic field from the bridge sensitivity given by: Sz =V}, S, in our case,
with V=1V and §;=0.54% mT"", S\;;=5.4mV mT~". Using this sensitivity and
the linear relationship between voltage V and field H in the sensor (V=SH), we
calculated the measured field H,,,, from the peak voltage of V., (68.91 pV), which
yields 12.76 pT. Then, by subtracting the coil’s magnetic field vector H,; from the
measured vector H,,,,, we determined a reconstructed field H,. as (Supplementary
Figure 6b):
= HZ +H

recl meas + Heoi

H,,
|H, | =44.85uT, H,, £=tan™" [A =73.47",

meas

where |H,,| is the magnitude of the reconstructed vector and H, .2 its angle with
respect to the sensor axis. These two values quantitatively correspond to those
measured by the nearby reference compass.

As a further confirmation step, we repeated the measurement in the absence
of an external biasing magnetic field. In this case, the measured peak voltage
Vieas Was 242.78 1V, which, using the same sensitivity as above, translated into a
measured field H,,,, of 44.95pT (Supplementary Fig. 6¢). This value closely agrees
with the reconstructed value obtained before. Furthermore, by using the temporal
shift between V., with the coil on and V., with the coil off, we estimated the
angle between both vectors. This was realized by determining the time needed for
a 180° turn to be completed (13.355s) and comparing this time with the temporal
shift between the detection peaks in the on and off cases (5.283s). The ratio of
these two quantities multiplied by 180 gives an estimate of the angle between
detection events (71.21°); in close agreement with the previously
reconstructed angle H,, 2.
Mechanical characterization. Static: Py meander sensors with a stripe width of
150 pm were used as test structures to probe the stability of the AMR sensing layer
under static bending. The meanders were placed between the pole shoes of an
electromagnet and mounted on differently curved sample holders with radii of
curvature ranging from 150 pm to 10 mm. To ensure a uniform field in the sensing
plane, the sensors were mounted with their curvature axes perpendicular to the
pole shoe axes. The magnetic field of the electromagnet was swept between —10
and 10 mT and the AMR response of the sensors was simultaneously recorded.

Dynamic: The mechanical characterization of the functional AMR layer of the
e-skin compass was performed using a motorized stage (controlled via a LabVIEW
software) driven with a stepper motor (Eckstein). For the bending trials, the sample
was laminated on a 5-pm-thick PDMS film (10 mm X 50 mm) and fixed to the frame
of the motorized stage using a pair of clamps. One bending cycle was defined as
bending the sample from its initial flat state to a bent state with a radius of 1 mm
and back to its initial position (Supplementary Fig. 10a). Using these settings, two
types of experiment were performed: one with an external magnetic field and the
second one without. For the experiment without an external magnetic field, the
sample was repeatedly bent for 2,000 cycles and its resistance was monitored using
a multimeter (model Keysight 34461 A; Keysight Technologies). The acquired
resistance was used to determine the mechanical stability of the electrical resistance
under cyclic deformations. For the experiment with an applied external magnetic
field, all conditions were the same as indicated above, but a neodymium magnet was
periodically brought near the sensor with an in-plane configuration during the cycling
procedure (Supplementary Video 6). The collected resistance data in this experiment
allowed us to compare the resistance change under mechanical deformations with that
caused by the presence of the magnetic field (Supplementary Fig. 10b).

Theoretical insight: The bending experiments on AMR layers were validated
with a theoretical model for strain in curved thin film electronics:*

o =+t (420
2R (L) ()

where g, is the strain of a rigid film (Young’s modulus: E,, thickness f;) on a softer
substrate (Young’s modulus: E, thickness ¢) when bent down to a radius R. The
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factors n=t,/t, and y = E/E, define the geometric and mechanical ratios between
film and substrate. For the Mylar foil in this work, the corresponding parameters
are E,;=5GPa and t,= 6 pm and for the compass sensing layer E;=119 GPa and
t;=150nm.

Applying this model and considering the minimum experimentally measured
bending radius of 150 um, we calculated a maximum strain at the compass layer
of 1.33%. This estimate is near the fracture strain (2%) for thin films of Py*. This
threshold defines a minimum theoretical bending radius of 100 um.

For comparison purposes, if we increase the thickness of the Mylar foil to that
of a commercially available polyethylene terephthalate (PET) foil (100 um) keeping
R=150um, the resulting strain increases to 32%, a value that would certainly
induce cracking in the metallic film. These calculations further emphasize the
importance of reducing the substrate thickness to improve the overall mechanical
performance of flexible sensors.

Additional mechanical calculations were performed according the model given
by Jeong et al.”” to determine the position of the neutral mechanical plane of the
AMR sensors:

1
i

L)y

where E, t, and v, are the Young’s modulus, thickness and Poisson’s ratio of the
layer i in the stack of layers comprising the sensor. b is the height from the bottom
of the stack (Mylar foil) at which the mechanical neutral plane is found in the
multilayer system. The system was considered to have two layers: the Mylar foil
(E,=5GPa, v,_0.38) and the compass layer (Py+ Au, E, =119 GPa, v,_0.33). With
these parameters, the mechanical neutral plane is located 4.2 pm above the bottom
of the stack, 1.8 um below the compass layer. The calculated strain in this situation
with a distance = 1.8 um from the neutral plane to the metallic layer is defined by
e= %: 1.25%, with a radius of curvature of r= 150 um.

On-skin geomagnetic orientation in the outdoors. A demonstrator was devised,
where the e-skin compass was mounted on a person’s index finger while walking
outdoors. The device is used to orient the person in the geomagnetic field. During
the experiment, the e-skin compass was connected to and powered by a NI-

USB 6211 data acquisition box (National Instruments) interfaced with a laptop
running a LabVIEW program. The software is used for visualizing the collected
output voltage both as a trace and as an on-screen virtual compass indicator.

The measurements were performed at the coordinates 51.061851°N, 13.950389°
E with the set-up shown in Supplementary Fig. 7 and the computer screen

facing northeast (Supplementary Video 4). Two cameras were used to film the
experiment: the first one recorded the laptop screen and a close-up of the person’s
motion, while the second one recorded the full body motion of the person.

Virtual reality based on the geomagnetic field. As a demonstrator for this
concept, we designed an experimental set-up where the e-skin compass was
conformably attached to a person’s hand and interfaced to a computer using a
NI-USB 6211 data acquisition box. On the computer side, the acquired data

was processed in LabVIEW and then read by a Python script. The script calls
the Panda3D (Disney/ Carnegie Mellon) game engine for Python and C++,
which used the incoming compass data to correspondingly control the orientation
of an animated panda on-screen. A Python script commanded the virtual panda
to move forward at a constant speed and the angular rotation was determined
by the angle of the hand relative to magnetic north. This angle was attained by
encoding the output voltage of the e-skin compass between 0 and 180°, with
magnetic north (0°) corresponding to a hand rotation towards the left of the
screen. Sequential movement of the hand was used to move the panda within

a defined trajectory in the virtual environment (Supplementary Fig. 8 and
Supplementary Video 5).

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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Published online: 12 November 2018
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ABSTRACT: Manipulation of magnetism using laser light is considered
as a key to the advancement of data storage technologies. Until now,
most approaches seek to optically switch the direction of magnetization
rather than to reversibly manipulate the ferromagnetism itself. Here, we
use ~100 fs laser pulses to reversibly switch ferromagnetic ordering on
and off by exploiting a chemical order—disorder phase transition in
FegyAly, from the B2 to the A2 structure and vice versa. A single laser
pulse above a threshold fluence causes nonferromagnetic B2 FegyAly, to
disorder and form the ferromagnetic A2 structure. Subsequent laser
pulsing below the threshold reverses the surface to B2 Fey,Aly, erasing
the laser-induced ferromagnetism. Simulations reveal that the order—
disorder transition is regulated by the extent of surface supercooling; above the threshold for complete melting throughout the
film thickness, the liquid phase can be deeply undercooled before solidification. As a result, the vacancy diffusion in the
resolidified region is limited and the region is trapped in the metastable chemically disordered state. Laser pulsing below the
threshold forms a limited supercooled surface region that solidifies at sufficiently high temperatures, enabling diffusion-assisted
reordering. This demonstrates that ultrafast lasers can achieve subtle atomic rearrangements in bimetallic alloys in a reversible
and nonvolatile fashion.

KEYWORDS: magneto-optical devices, data storage, phase transitions, fs laser modifications, supercooling, order—disorder transitions

Bl INTRODUCTION

The reversible manipulation of material properties by laser
pulses is central to technologies employed on an everyday basis,
such as in rewriteable (rw) optical data storage devices. In
recent years, there is a thrust toward integrating optical and
magnetic data storage, attempting to simultaneously exploit the
ultrafast timescales of laser pulsing and the density of magnetic
recording. This challenge is currently being approached via
optical magnetization reversal' " and heat-assisted magnetic
recording.”~® The above phenomena do not involve changes to
the intrinsic magnetic properties, that is, the saturation
magnetization (M) of the material remains unchanged during

where data bits are recorded in terms of the magnetic stray field
direction. Furthermore, laser-assisted on/off switching of
ferromagnets has the potential to enable the incorporation of
an optical lever to spin-transport devices.

Here, we show strong laser-induced reversible variations of
M, in a B2 FegAly, alloy. This alloy is a member of a wider
class of alloys of the form Fe,_ A, where A = Al, V, and Rh,
which are nonferromagnetic in the B2 structure but transform
to strong ferromagnets via disordering to the A2 structure.”” "
Disordering implies the exchange of site occupancies between a
small fraction of the Fe and A atoms. In B2 FegyAl,,, the (001)

the switching process. From a practical point of view, the
detection of rw magnets within nonmagnetic matrices will show
much stronger demarcations in comparison to the status quo

i i © 2018 American Chemical Society
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planes consist purely of Fe atoms, whereas the (002) planes
consist primarily of Al and the remaining Fe atoms. This
structure possesses the lowest Fe—Fe coordination and is
known to be paramagnetic. Disordering of the B2 structure by
randomly exchanging Fe and Al site occupancies, forming
antisite defects, increases the average number of Fe—Fe nearest
neighbors from 2.7 in the B2 structure to 4.8 in A2. Associated
with the B2 — A2 transition is a slight increase in the lattice
parameter, which along with the increased number of Fe—Fe
nearest neighbors, may play a role in inducing ferromagnetism.
Disordering can be generated locall?l, for example, by using a
highly focused noble gas ion beam, * to selectively magnetize
nanoscale regions of desired geometries."”

Although ion-induced reordering is possible in certain
disordered alloys,'® the viability of reversible order—disorder
switching has not been demonstrated. Laser pulses are currently
used to induce amorphous—crystalline transitions via rapid
quenching, to reversibly control surface reflectivity of
chalcogenide systems.'” We demonstrate here a laser-assisted
order—disorder transition via supercooling that switches on and
off an intrinsic material property, while preserving the
crystallinity of the system.

B EXPERIMENT

To study the influence of laser pulses on the magnetization of
B2 FegyAly, thin films were prepared on transparent MgO
substrates. Thin films were prepared using magnetron
sputtering of a target of the same composition in Ar
atmosphere, while holding the substrate at room temperature.
The as-deposited FezAl,, films are of the disordered A2
structure and are ordered to B2 via annealing at 773 K in
vacuum. Details of the thin-film growth and characterization of
the ordered structure have been published elsewhere.'® Laser
irradiation experiments were performed at the spin-resolved
photoemission electron microscope (SPEEM) at the BESSY 11
storage ring in Berlin."” This setup provides high-resolution
magnetic imaging in combination with a titanium—sapphire
laser for local laser excitation. The SPEEM was used for
imaging magnetization at the Feg,Al,y/vacuum surface, whereas
underneath the sample, a microlens was used to focus a laser of
800 nm wavelength and ~100 fs pulse duration to a 2 ym spot.
Note that, in this geometry, the laser is incident on the MgO/
FegAly, interface (Figure 1). The SPEEM setup and, in
particular, the geometric arrangement of laser incidence and

X-ray probe
L =

B2 Fe Al

Laser pulse ==

Figure 1. Experimental scheme. The interface between Fe4,Al,, and
MgO is irradiated by high-intensity ~100 fs laser pulses. The magnetic
properties of the FegAly, surface are probed by an X-ray beam.

surface probing have been described in ref 20. Laser pulse
irradiation was performed on B2 FegAl,, films of 20, 40, and
80 nm thicknesses. The laser repetition rate was 2.5 MHz, and a
pulse picker was used to select single pulses or trains of defined
number of pulses. Magnetic images of the laser exposed area
were recorded at the L; resonance of Fe (707 eV), exploiting
the element-specific X-ray magnetic circular dichroism.

Irradiation of a 40 nm thick B2 FegyAl,, film by a single laser
pulse at a fluence of 500 mJ cm™ induces strong surface
magnetic contrast (Figure 2a). The magnetic contrast is
displayed as the difference of the two images recorded with
circular polarization and opposite helicity, divided by their sum.
The contrast sensitivity lies along the X-ray beam, with the
magnetization parallel to the probe beam shown in red and
antiparallel as blue. The magnetized region shows multiple
domains, with some domains with lateral dimensions of 800
nm. Magnetic domains of similar sizes have been previously
observed in A2 Feg Al >

To observe the effect of low-fluence pulses, the magnetized
region was irradiated with a pulse train of 10° pulses at 200 mJ
cm™2 The pulse train erases the surface magnetization induced
by the first, high-fluence laser pulse. As seen in Figure 2b, the
magnetization of this region is severely suppressed, and the
multidomain state is erased. The 500 mJ cm™ single-pulse
irradiation was repeated on the same spot as above, but in the
presence of a small field of +5 mT. Figure 2c shows that the
field forces the formation of a single magnetic domain. The area
with the single domain was irradiated with 10* pulses at 200 m]
cm™?, again leading to the suppression of the magnetization
(Figure 2d).

The process was repeated under varying conditions for
optimization. Figure 2e shows B2 FeyAl,, magnetized by a
single 400 mJ cm ™ pulse irradiation under a magnetic field of
—15 mT, which induces a single domain of strong magnet-
ization. Finally, in Figure 2f, instead of a pulse train, the spot
was irradiated with a single pulse at 200 mJ cm™ The single
low-fluence pulse significantly suppresses the surface magnet-
ization, by 40% on average in the case of 40 nm thick FegAly,.

To reveal the dependence of the magnetic contrast on the
fluence in the single-pulse regime, the initial B2 FegAl,, film
was irradiated at fluences increased in steps and the induced
magnetic contrast was measured after each pulse. A magnetic
field of +15 mT was applied to always confine the
magnetization in the single-domain state. Figure 3a shows the
increase of the induced magnetization with laser fluence for 20,
40, and 80 nm thick B2 Fe4Al,, films. The SPEEM contrast,
which is proportional to M,, increases in a sigmoidal fashion
with increasing fluence. Half-maximum M is achieved at 300,
390, and 650 mJ cm ™ for 20, 40, and 80 nm film thicknesses,
respectively (crosses in Figure 3a) and can be considered as the
effective critical thresholds for magnetic writing, as measured by
surface magnetic probing.

The magnetization suppression by trains of low-fluence laser
pulses is illustrated in Figure 3b. A single “write” pulse was
applied at fluences of 400 mJ cm™ for the 20 and 40 nm thick
films and 700 mJ cm™ for the 80 nm film, followed by the
application of 200 mJ cm™> pulses for studying erasure. The
“erase” pulses were applied in logarithmic steps, that is, 10°,
10%...10% 5 % 10* and § x 10° pulses, and after each pulse train,
the surface magnetic contrast was measured. Figure 3b
illustrates the variation of the magnetic contrast signal,
normalized to the contrast induced by the write pulse. For
the 40 and 80 nm Fe4yAl,, films, this normalized magnetization,
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Figure 2. Laser-assisted magnetic writing and erasing at surfaces. (a) Single pulse at 500 mJ cm™ incident on a 40 nm thick B2 FegAl,, film
generates a magnetic multidomain state. (b) Sample is irradiated with 10° pulses of the same laser, but at 200 mJ cm™ per pulse, thereby erasing the
multidomain state. (c) Single pulse of 500 mJ cm™ is incident while a magnetic field of +5 mT is applied, generating a single domain magnet. (d)
Train of 10* pulses at 200 mJ cm™ per pulse, while retaining the magnetic field, erases the magnet. (e) Single pulse of 400 mJ cm™? incident on the
sample, while applying a magnetic field of —15 mT, generates a single domain magnet. (f) Significant reduction of magnetic contrast is obtained by
applying a single pulse at 200 mJ cm™2. The dotted ellipses outline the approximate laser-affected zone. The direction of X-ray incidence is indicated
by the spiral arrow in (a). Red and blue indicate parallel and antiparallel magnetization components, respectively, with respect to the X-ray incidence.
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Figure 3. Magnetic response of B2 FegAl,, films to femtosecond laser
irradiation. (a) Induced magnetization in terms of SPEEM contrast for
single-shot irradiation of 20, 40, and 80 nm films and (b) effect of laser
pulse trains of 200 mJ cm > per pulse on the normalized
magnetization. The crosses in (a) indicate the fluence of the single-
shot irradiation, prior to the irradiation by pulse trains in (b).

m, is suppressed strongly by the erase pulses, with 40 and 60%
reductions with a single erase pulse for the 40 and 80 nm films,
respectively. In comparison, for the 20 nm film, m is suppressed
by 50%, but only after the application of 5 X 10° pulses.

To confirm that chemical ordering (B2 — A2 phase
transition) is responsible for the laser-induced magnetic writing,
an ex situ experiment was performed. The surface of a 40 nm
thick B2 FegAl,, film was irradiated in air using a Q-switched
Nd:YAG laser of 355 nm wavelength. The pulse width was $ ns,

and 10° pulses at 500 mJ cm > fluence were applied. A large
laser-affected zone of ~300 um diameter is obtained, with an
ablated region at the center. A magneto-optic Kerr effect was
used to detect induced magnetization. A large induced
magnetization is observed in the annular region surrounding
the ablated spot. For structure analysis, a cross-sectional
transmission electron microscopy (TEM) lamella was extracted
from the magnetized region, away from the ablated zone, by in
situ lift-out using a focused ion beam tool. The bright-field
image (see Supporting Information) shows that the film
possesses a flat topography, and intermixing at the film—
substrate interface is negligible. Selected-area electron dif-
fraction confirms the absence of any superstructure reflections,
viz.,, 100, 111, and 210 associated with the B2 FegAly,
structure, thereby proving that the laser-irradiated region is
fully disordered. Furthermore, no secondary phases are
detected. Because the disordered structure is known to be
ferromagnetic,” ""'*"> it is clear that the observed laser-
induced magnetization occurs purely due to the formation of
A2 FegyAly. The laser-assisted B2 — A2 transition is consistent
with the decreasing surface magnetization with increasing film
thicknesses seen in Figure 3a, with the degree of disorder
decaying with the distance from the point of laser incidence.

Despite the differences in laser parameters and experimental
geometry, the magnetized state is achieved in both the ex situ
and in situ experiments, showing that laser pulses over a broad
parameter range are effective in disordering B2 FegyAl,, thin
films. The reverse effect, however, has only been observed in
the in situ experiment, where the laser is incident at the film—
substrate interface and the magnetization is probed at the
surface.

B SIMULATION RESULTS AND DISCUSSION

To provide a clear understanding of the conditions that control
the structural disordering and reordering responsible for the rw
magnetization of thin films, a series of simulations of laser-
induced phase transformations in FeyAly, films deposited on
MgO substrates were performed. The simulations were done
with a continuum level model accounting for the laser
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Figure 4. Computational predictions of the continuum level model of laser-induced phase transformations. (a) Temporal evolution of the surface
temperature and the mean square displacement of vacancies (X?) in the center of irradiated spot. The simulations were performed for 40 nm thick
FegyAly, films irradiated by 100 fs laser pulses at different fluences. The evolution of surface temperature is illustrated by the lines, where the solid
blue, solid red, and dashed red lines represent the phase states of solid, liquid, and supercooled liquid, respectively. The cumulative mean square
displacement of vacancies in the solidified surface region, X? is indicated by the gray zone. (b) Dependence of the saturation level of X* on laser
fluence. Fluence ranges suitable for magnetic writing and erasing, as suggested by the vacancy diffusion length, are marked.

excitation of the conduction band electrons, electron—phonon
equilibration, heat transfer, and the kinetics of melting and
solidification (see Methods). The model accounts for the
temperature dependencies of the material properties, and the
irradiation conditions similar to those used in the experiments
and illustrated in Figure 1 are reproduced in the simulations.
The laser pulse is focused on a 2 pm spot at the film—substrate
interface and is assumed to have a Gaussian intensity
distribution. Although the calculations were performed for all
three film thicknesses, in the discussion below, we focus on the
40 nm thick FegAly, films for which the laser-induced magnetic
write/erase has been found to be most pronounced.

As the first step, we performed a series of simulations for a
broad range of laser fluences and identified incident fluence
thresholds for the onset of melting at the FegAl,,/MgO
interface (173 mJ cm™?), the emergence of the second melting
region on the top surface of the film (357 mJ cm™), and the
complete melting throughout the thickness of the film when the
two melting fronts propagating from the film—substrate
interface and the top surface merge together (394 mJ cm™2).
It can be expected that rapid solidification of the temporally
molten part of the film produces a disordered metastable A2
phase. The metastable phase can then undergo the A2 — B2
ordering phase transition upon further cooling of the solidified
material. Because the atomic rearrangements responsible for the
ordering phase transition proceed through the vacancy diffusion
mechanism and SPEEM measurements are sensitive to
magnetization in a thin surface layer of the irradiated films,
we evaluate the mean square displacement of vacancies, X? in
the surface region located at the center of the laser spot from
the time of complete solidification of this region until the
cooling brings the vacancy diffusion to a halt. Although the
temperature dependence of the thermodynamic driving force
for the ordering phase transition does not allow us to
quantitatively link the magnitude of X* to the kinetics of the
phase transition, it still provides an instructive measure of the
extent of atomic rearrangements involved in the transformation
to the chemically ordered state.

The temporal evolution of the surface temperature at the
center of the laser spot is illustrated in Figure 4a for four
representative simulations. The color of the curves represents
the phase of the material, with blue and red colors
corresponding to solid and liquid phases, respectively. The

15235

supercooling of the molten alloy below T,, is depicted by the
dashed red curves (a single value of T,, = 1660 K taken
between the solidus and liquidus of the alloy, 1630 and 1680
K,** is used here to simplify the discussion and the
calculations), and the cumulative mean square displacements
of vacancies, X?, are shown by gray zones. At 328 mJ] cm™?,
below the onset of surface melting, a rapid heating of the
surface region almost to T, results in a sharp increase of X>.
The following cooling, however, slows down the vacancy
diffusion until it becomes negligible as the surface temperature
drops below ~0.7T,, (1160 K), as reflected by the saturation of
X% When the laser fluence is increased to 388 mJ cm™>, the
surface temperature exceeds T, leading to a transient melting
of a thin surface layer of the film. The two melting fronts,
propagating from the surface and film—substrate interface, do
not merge in this simulation, and a rapid regrowth of the
crystalline part of the film results in solidification of the surface
region at a very mild supercooling of the melt (the dashed
segment of the red curve in Figure 4a is short). The relatively
high surface temperature at the time of the surface
resolidification ensures that active vacancy diffusion can take
place during further cooling of the surface, yielding the
saturation level of X* similar to that observed at 328 mJ cm™.
Above the threshold for complete melting throughout the
thickness of the film, the possibility for rapid regrowth of the
crystalline part of the thin film is excluded and the solidification
of the molten region can only proceed via lateral propagation of
the solidification front from the periphery of the molten region
to the center of the laser spot. Given the relatively large lateral
size of the molten region (controlled by the size of the laser
spot) and the limited velocity of the solidification front (<130
m/s, see Methods), the solidification process takes longer time
and allows for much stronger supercooling of the molten
material in the central part of the laser spot. In particular, a
sharp increase of the solidification time from 740 ps at 388 mJ
2 to 2.4 ns at 403 mJ cm™? leads to the decrease of the
surface temperature at the time of complete solidification from
0.93 to 0.91T,,. Moreover, the value 0.91T,, corresponds to a
maximum produced by a temperature spike appearing because
of a local release of the latent heat of solidification, which
quickly dissipates due to the large local temperature gradient
near the freshly solidified surface. The low temperature in the
resolidified region severely constrains the vacancy diffusion, as
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Figure S. Rendering of the furthest extent of the melting front and corresponding effect on the magnetization. The FeyAl,, film is irradiated at laser
fluences of 418 mJ cm™” in (a,c) and 388 mJ cm? in (b,d). (a,b) The maximum extent of the melting fronts during single-pulse laser irradiation of
given fluences. (c,d) Spatial distribution of the induced magnetization, by considering a threshold value of the cumulative vacancy mean square
displacement in the solidified material, X* = 11 nm® The color scale in (c,d) indicates the depth under the film—vacuum surface of the 40 nm thick

film, with darker shades used closer to the surface.

indicated by the X* profile calculated for 403 mJ cm™, and
leads to the saturation value of X? that is about four times
smaller than that predicted for 388 mJ cm™2. Further increase of
the laser fluence results in longer times for solidification of the
central part of the laser spots and further suppression of the
vacancy diffusion. In particular, when the fluence is increased
from 403 to 478 mJ cm™? the surface temperature at the time
of solidification drops from 0917, to 0.83T, and the
saturation level of X* decreases down to the values that
preclude possibility of any significant atomic rearrangements
after the surface resolidification, as illustrated in the bottom
panel of Figure 4a.

To further illustrate the effect of the laser fluence on vacancy
diffusion, we plot in Figure 4b the X* as a function of fluence.
Below the threshold for inducing the second melting front from
the surface of the film, the vacancy diffusion length increases
exponentially with the laser fluence. After the onset of surface
melting, X* saturates at an almost constant level, with only a
slight decrease with the increase of laser fluence due to stronger
supercooling at the point of surface resolidification. Above the
threshold for complete melting, the time needed for the
resolidification of the central part of the laser spot rises sharply
and, as a result, a much stronger supercooling is produced prior
to the resolidification. The strong supercooling, in turn, limits
the vacancy diffusion during the cooling of the resolidified
surface and reduces the likelihood of A2 — B2 reordering that
requires atomic rearrangements. The chemically disordered
state and magnetization, thus, are expected to remain in the
central part of the laser spot after rapid quenching down to the
room temperature.

Below the threshold for the complete melting of the film, the
vacancy diffusion can be sufficiently active to allow for the
ordering transition. Indeed, the maximum X? ~ 21.5 nm? in
Figure 4b corresponds to ~320 vacancy jumps. Taking into
account that a typical concentration of vacancies generated in
rapid nonequilibrium solidification of metals is on the order of
1073 of lattice sites,”® we can estimate that approximately 32%

of atoms change their positions because of the vacancy
diftusion. Although it is not possible to quantitatively relate
the total number of vacancy jumps during the cooling process
to the relative fractions of the equilibrium B2 and metastable
A2 phases generated by the laser irradiation, the above
estimation does suggest that a substantial reordering may
take place even in a single laser pulse irradiation. This
conclusion is in agreement with experimental results shown
in Figures 2f and 3b, which demonstrate a substantial
magnetization decrease after irradiation of 40 and 80 nm
films with a single laser pulse. Experimental observations of
vacancies in FegAly, films have been reported in ref 24.

The generation of ferromagnetic domains formed by laser
irradiation performed in the absence of magnetic fields (Figure
2a) is in line with the predicted melting and resolidification
scheme. Resolidification is expected to proceed via regrowth of
the solid parts of the film, heterogeneous nucleation of new
crystallites at the film—substrate interface, and in the case of
sufficiently deep supercooling, for instance, ~0.6T,, for a 478
mJ cm™ single pulse (Figure 4a), via the homogeneous
nucleation of crystallites within the melt. As resolidification
proceeds, latent heat of melting is released at grain growth sites,
resulting in a laterally inhomogeneous temperature distribution
over the laser-affected zone. The temperature inhomogeneity
may persist as the system cools to the Curie temperature (T.),
causing a spatially inhomogeneous re-entry of ferromagnetism.
Regions at a local temperature of T, — AT are magnetized, and
their stray fields drive the local orientations of magnetic
moments in their vicinity that are still at T. + AT, thereby
inducing magnetic domains as seen in Figure 2a. The formation
of magnetic domains is avoided by applying a small magnetic
field during irradiation that is sufficient to override inhomoge-
neous stray fields and generate the single magnetic domains
shown in Figure 2¢e.

To obtain an estimate of the spatial distribution of the
induced magnetization, it is necessary to quantitatively relate
the simulated X* distribution to the experimentally observed m.
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The first step is to relate X* to the degree of the B2 « A2
transition, and the next step is to relate the degree of chemical
disordering to m. In the second step, the correlation between
the degree of disordering and the induced m is known to be in
the form of an s-shaped curve,"® which is not dissimilar to the
observed laser fluence-m relationship seen in Figure 3a.
However, the relationship between X* and the degree of
chemical disordering in Fe4yAl,, is not unique and depends on
the thermal history of the alloy. Moreover, the time—
temperature—transformation (TTT) diagram for the B2 «
A2 transition, needed for making a quantitative connection
between the temperature evolution and the degree of the phase
transformation, is not available.

In the absence of TTT curves, we consider our observations:
first, as seen in Figure 4b, just below the threshold fluence of
~400 mJ cm ™2, X* exhibits a sharp drop from ~20 to ~§ nm?,
which we assume is coincident with a sharply increased m.
Second, it is seen that above the threshold, a postmelting X
2 nm” does not suppress m. In the first approximation, we
assume that for X* = 20 nm? the material is fully ordered (m =
0) and at X* = 2 nm?, it remains fully disordered (m = 1). We
fix the m-spatial distribution to the halfway point of the above
limiting values, that is, X* = 11 nm? This implies that the
induced m is confined to a region within a surface defined by X*
= 11 nm*

As a cautionary note, because the link between X* and
disorder is dependent on the thermal history, the above limiting
values can vary significantly depending on experimental
conditions. Nonetheless, for any given case, a comparison of
the X? distributions above and below the threshold fluence
sheds light on the single-pulse m writing and erasing. In
particular, the shape of the region undergoing transient melting
and rapid resolidification and the concomitant X* distribution
provide a qualitative picture of the spatial confinement of the
disordering and reordering processes at the film surface. Figure
Sa,b shows the spatial extent of the melting process at laser
fluences of 388 and 418 m] cm™? respectively. The
corresponding X* = 11 nm? surfaces for the two fluences are
shown in Figure Sc,d, respectively.

As seen in Figure Sa, at a fluence of 418 mJ cm™?, the melting
fronts emergent from the film surface and the interface
coalesce, leading to the appearance of a melt-through region.
The solidification of this region proceeds through the
propagation of the solidification front and, as explained
above, takes several nanoseconds. The temperature of the
molten region continues to decrease and by the time of
complete solidification becomes too low for atomic rearrange-
ments needed for full chemical reordering. Figure Sc shows the
corresponding limiting m surface, as obtained by plotting X* =
11 nm* A magnetized region of approximately 500 nm in
diameter is predicted at the surface. At the MgO/film interface,
the predicted magnetized region is approximately the size of the
laser spot. The size of the surface magnetized region increases
with increasing laser fluence.

At a fluence of 388 mJ] cm™? which is just below the
threshold fluence, the two melting fronts propagating from the
MgO/film interface and the film top surface remain separated
(Figure Sb). After the temperature drops below the melting
point, the melting fronts propagate vertically and the film
rapidly resolidifies. The temperature at the end of solidification
remains high, which enables active vacancy diffusion. The
diffusional atomic rearrangements result in the transformation
of the metastable disordered A2 structure formed in the

transiently melted and resolidified parts of the film into the
equilibrium B2 structure, thus erasing the surface magnet-
ization, as can be seen from Figure 5d.

As seen in the visualizations in Figure 5, a residual
magnetization can occur in the bottom 20 nm of the film,
even for low-fluence laser pulses. The onset of interfacial
melting is ~180 mJ cm™> for all film thicknesses, and a 200 m]
cm™2 pulse leads to transient melting and formation of residual
disorder at the MgO/film interface. This is consistent with the
observations in Figure 3b, where single-pulse erasure is not
observed in 20 nm thick FeyyAl,,. Laser irradiation by up to
~10° pulses tends to reorder the upper layers of the film,
nevertheless the residual magnetization persists. Because the
depth of SPEEM probing is limited to a depth of ~10 nm, the
presence of this magnetized layer is detectable only in the case
of 20 nm film. Rewritable magnetization, therefore, is observed
for film thicknesses above 20 nm.

Bl CONCLUSIONS

The proof of principle for laser-induced on/oft switching of
ferromagnetism driven by a disorder—order transition has been
demonstrated on B2 alloy thin films. Simulations reveal the
crucial role played by supercooling of the transiently melted
region in manifesting the disorder—order transition. The
process is repeatable-laser pulses of fluences above the writing
threshold have been applied up to 10 times at the same spot
without the appearance of damage to the film. Repeatability can
be limited by ablation of the material or by contamination
during the laser irradiation process; factors that can be avoided
by an appropriate protective top layer, such as MgO.
Engineering the substrate heat conductivity and the inclusion
of a buffer and cap layers should be explored for increasing the
maximum level of supercooling before the resolidification to
control diffusion and reordering, and to achieve optimized
laser-assisted reversible property changes. The concept of laser-
induced rw magnetization may be applicable to other materials
that exhibit order—disorder transitions. Further studies on these
materials may improve our understanding of femtosecond laser-
induced rapid heating and cooling processes in alloys, in
particular, the mechanisms and kinetics of the order—disorder
transition that are still largely unexplored. The results of this
study may initiate a wider search for new alloys exhibiting laser-
induced reversible changes of intrinsic magnetic properties.

B METHODS

Experiments. Details on the thin-film preparation can be found in
ref 18. The PEEM experiment combined with laser irradiation is
described in ref 20.

Simulations. The initial response of a FegyAl,, film deposited on a
magnesia (MgO) substrate to a short-pulse laser irradiation has been
simulated with a conventional one-dimensional (1D) two-temperature
model (TTM)®® that provides a continuum level description of the
laser excitation and subsequent relaxation of the conduction band
electrons. The description of kinetics of melting and resolidification
processes is incorporated into the model as described in ref 26. The
temperature profiles and the positions of the solid—liquid interface at
750 ps, predicted in series of 1D simulations, are used as input for the
two-dimensional (2D) simulations applied to investigate the lateral
propagation of melting front and long-term evolution of the
temperature profile affected by the lateral heat transport. Simulations
are performed for computational systems consisting of 20, 40, and 80
nm FegAl,, films on a 1 ym thick MgO substrate. The choice of the
thickness of the substrate ensures a negligible temperature change at
the bottom of the substrate on the simulation timescale.
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The irradiation of the target by a 100 fs laser pulse directed from the
magnesia—metal interface is represented through a source term added
to the TTM equation for the electron temperature. The source term
accounts for the excitation of the conduction band electrons by a laser
pulse with a Gaussian temporal profile and reproduces the exponential
attenuation of laser intensity with depth under the surface (Beer—
Lambert law), with the optical absorption depth of 15 nm of Fe at the
laser wavelength of 800 nm.”” Because of the uncertainty in the
reflectivity of the FegyAly, alloy, the absorbed laser fluence is converted
into the incident one by matching the threshold of complete melting
of a 40 nm film in the experiment and modeling, which gives the value
of reflectivity of 0.928. In the 2D simulations, the lateral distribution of
laser fluence is described by a Gaussian profile F(r) = F, exp(—r?/
26,2, where 6,* is the standard deviation related to the laser spot
diameter (full width at half-maximum) as D = 6,8In2. The spot
diameter is assumed to be 2 um, and the results of 1D simulations
performed at different laser fluencies are linearly interpolated to
account for the radial dependence of the laser fluence when the initial
temperature distribution is built.

Because the available temperature dependencies of electron heat
capacity and electron—phonon coupling accounting for the contribu-
tion from the thermal excitation from the electron states below the
Fermi level are mostly limited by pure metals,”® we use parameters for
pure Fe instead of FegyAl,, alloy.”” Similar to ref 26, the temperature
dependence of the electron thermal conductivity is approximated by
the Drude model relationship, K.(T,,T}) = v*C.(T.)7.(T,.T})/3, where
C.(T.) is the electron heat capacity, v* is the mean square velocity of
the electrons contributing to the electron heat conductivity,
approximated in this work as the Fermi velocity squared, v and
7(T,T) is the total electron scattering time defined by the electron—
electron scattering rate, 1/7._, = AT/, and the electron—phonon
scattering rate, 1/7_,, = BT}, so that 1/7, = AT + BT, The value of
the coefficient A (8.9 X 10° K™ s7') is estimated within the free
electron model.*® The coefficient B is described as a function of the
lattice temperature, so that the experimental temperature dependences
of thermal conductivity of the Fe4Al,, alloy under conditions of
electron—phonon equilibrium®>*" are reproduced in the simulations.
Because in 2D simulations we do not explicitly consider the electron
subsystem, the heat capacity used in the model is equal to the sum of
electron and phonon heat capacities and the heat conductivity follows
the experimental temperature dependence.””*'

According to the Fe—Al phase diagram,*” the temperature of solid—
liquid coexistence lies in the range 1630—1680 K and the single value
of “melting temperature,” T,, = 1660 K, is used to simplify the
description of the melting and resolidification processes. The
temperature dependence of the velocity of the liquid—crystal interface
is described by the Wilson—Frenkel expression,” with parameters
taken for the Fe(100) interface from ref 33. Because pure Fe has
different melting temperatures than the FegAl,, alloy, the activation
energy for diffusion and the heat of fusion are renormalized based on
the T,, of the alloy to ensure the same velocity of the interface at the

m

same values of relative undercooling T/T,,:
Vi = Voexp(=Q- T,/ T)[1 — exp(—=Hp-(T,,/T = 1))]

where Vj, is a prefactor equal to 2200 m/s, Q = Q¥/ksTh = 1.23 is the
reduced activation energy for diffusion, and F; = Hf*/kTh = 0.884 is
the reduced heat of fusion. To account for the fast homogeneous
melting of the superheated solid, the regions of the target where the
lattice temperature exceeds 13T, (ref 34) are set to undergo
instantaneous melting. The lattice heat capacity of the alloy is assumed
to be equal to 3R and is calculated based on the lattice parameter 2.898
A (ref 35) of B2 FegyAly,, which gives 3.4 X 10°] m™ K", The heat of
fusion is estimated as a weighted average of values for Al and Fe based
on the concentration in the alloy, which gives 1.7 X 10° J m™.

The heat capacity of magnesia is assumed to be 3.3 X 10°J m™ K™!
(ref 36), and the thermal conductivity is fitted as K(T) = 10 700/(T —
46.0) [W K™' m™] based on values provided in ref 37. Because the
value of interfacial thermal conductance depends not only on the
materials in the contact but also on the method of the film deposition
and cannot be evaluated without direct measurement, we assumed it to

be 10° W m™> K™, a typical value from the experimentally measured
range of 10" to 10° W m™> K" (refs 38—41).
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ABSTRACT: Focused ion beams perfectly suit for patterning
two-dimensional (2D) materials, but the optimization of
irradiation parameters requires full microscopic understanding
of defect production mechanisms. In contrast to freestanding
2D systems, the details of damage creation in supported 2D
materials are not fully understood, whereas the majority of
experiments have been carried out for 2D targets deposited on
substrates. Here, we suggest a universal and computationally
efficient scheme to model the irradiation of supported 2D
materials, which combines analytical potential molecular
dynamics with Monte Carlo simulations and makes it possible
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to independently assess the contributions to the damage from backscattered ions and atoms sputtered from the substrate. Using
the scheme, we study the defect production in graphene and MoS, sheets, which are the two most important and wide-spread
2D materials, deposited on a SiO, substrate. For helium and neon ions with a wide range of initial ion energies including those
used in a commercial helium ion microscope (HIM), we demonstrate that depending on the ion energy and mass, the defect
production in 2D systems can be dominated by backscattered ions and sputtered substrate atoms rather than by the direct ion
impacts and that the amount of damage in 2D materials heavily depends on whether a substrate is present or not. We also study
the factors which limit the spatial resolution of the patterning process. Our results, which agree well with the available
experimental data, provide not only insights into defect production but also quantitative information, which can be used for the
minimization of damage during imaging in HIM or optimization of the patterning process.

KEYWORDS: two-dimensional materials, ion irradiation, atomistic simulations, defects, sputtering, He ion microscopy

B INTRODUCTION

Ton irradiation” is one of the most powerful tools to change
the atomic structure and properties of the materials through
controllable introduction of impurities and defects. The
technique suits particularly well for the processing of two-
dimensional (2D) materials because of the small thickness of
the system achieving a uniform distribution of dopants and
defects with regard to their depth is not an issue, as evident
from numerous examples for §raphene3_9 or transition-metal
dichalcogenides (TMDs).'*™'® Moreover, exposure to ener-
getic ions can be combined with in situ or postirradiation
chemical treatment of these atomically thin targets'"'” ™' to
incorporate foreign atoms into the atomic network due to
chemically reactive vacancies.

Focused ion beams can be used to produce defects with high
spatial resolution. They can also be employed for cutting and
patterning 2D materials.”” In this context, the He ion
microscope (HIM),”® where He or Ne ion beams have sub-
nanometer diameters, has been demonstrated to be a perfect
tool for not only getting insights into sample morphology but

i i © 2018 American Chemical Society
~ ACS Publications
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also altering its structure and geometry at the nanoscale.
Specifically, structural defects were controllably introduced in a
few-layer MoS, sample'® so that its stoichiometry and
electronic transport properties could be tuned. Nanoribbons
with widths as small as 1 nm were reproducibly fabricated in
graphene*®”?* and MoS, sheets,'> and subnanometer nano-
pores were produced in MoS, monolayers,”® which were used
to study ionic transport through the sheets. An increase in
Young’s modulus of MoSe, samples irradiated in HIM was
reported, along with the possibility to tune optical properties of
TMDs.*® Structural changes in freestanding graphene and that
encapsulated between the sheets of hexagonal boron nitride
under focused helium ion beam irradiation have been studied”’
in the HIM and showed the benefits of graphene encapsulation
for postsynthesis doping and self-healing of the beam-induced
lattice damage.
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In the typical experimental setup used for ion bombardment,
the 2D target is placed on a substrate, normally a Si/SiO, slab.
However, the experimental data are frequently rationalized
using atomistic com3puter simulations carried out for free-
standing systems.”* ' It is tacitly assumed that most of the
defects are produced from direct interaction of the primary
beam with the target, which, as we show below, is not generally
true, especially for the case of light ion irradiation in the HIM.
Indeed, the experiments carried out for supported and
freestanding 2D MoS,>* and graphene® clearly indicate that
there are substantial differences in the amount of beam-
induced damage and the properties of irradiated samples.

In contrast to freestanding targets [e.g, graphene34 or MoS,
suspended on a transmission electron microscopy (TEM)
grid'>??], where all the defects are created by the impinging
ions, the substrate can affect defect production in several ways.
Putting aside the case of highly charged ions®® and swift heavy
ions which literally “blow-up” the substrate so that the 2D
material on top is torn apart by the atoms coming from the
substrate,”® defects in the 2D system can be produced at
moderate ion energies by two other mechanisms, in addition to
(i) direct ion impacts, (ii) backscattered ions,” and (iii) atoms
sputtered from the substrate, as schematically illustrated in
Figure 1. The latter two mechanisms are indirect defect
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Figure 1. Schematic presentation of the channels for defect
production in a supported 2D material under ion irradiation by the
example of He ion impacts on a MoS, sheet on a SiO, substrate.
Defects, for example, S vacancies, can be produced by direct ion
impacts, by backscattered ions and atoms sputtered from the
substrate.

production channels. Moreover, experimental investiga-
tions”*>*” %" using state-of-the-art focused ion beam technol-
ogy indicate that the substrate hinders higher patterning
resolutions, so that a detailed microscopic understanding of the
role of the substrate and its effects on defect production under
ion irradiation is required. The substrate also plays the key role
in the evolution and annealing of defects.* Several attempts to
account for the effects of the substrate have been carried out
for high-energy (MeV) heavy ion*' and 30 keV He® ion
irradiation of supported graphene, but the trends and physical
processes involved were not systematically analyzed. Computa-
tionally, this is a very challenging task, as first-principles
approaches cannot be used because of the high computational
costs required to collect representative statistics for systems
composed from a few thousand atoms. Furthermore, analytical
potentials developed for multiatomic systems are either of
limited accuracy or are still computationally too expensive for
adequate modeling of the system.

In this work, we suggest an efficient scheme to model the
irradiation of supported 2D materials, which combines
analytical potential molecular dynamics (MD) simulations
for the 2D material, augmented with a universal repulsive
potential to account for the effects of the substrate on
sputtered atoms and a Monte Carlo (MC) method. This
allows to independently assess the contributions to the damage
from backscattered ions and atoms sputtered from the
substrate and hitting the supported 2D system. Using the
scheme, we study defect production in graphene and MoS,
sheets, which are the two most widely used 2D materials,
deposited on a Si/SiO, substrate. We pay particular attention
to helium and neon ions because they are used in HIMs for
material modification, nanopatterning, and imaging purposes.23
Although for the patterning processes the controllable
production of defects in a narrow region is desirable, minimal
defect production should be aimed at for nondestructive
imaging. Using our approach, we access the defect production
rates of He, Ne, and Ar ions for a wide range of initial ion
energies including the HIM typical energy interval from 1 to
30 keV. Our results indicate that in this energy range, defect
production in graphene and MoS, is dominated by back-
scattered ions and sputtered substrate atoms rather than by the
direct ion impacts. Consequently, the area in which defects are
introduced is dramatically enlarged as compared to that in the
freestanding irradiated material, and in the case of HIM-based
irradiation, to the beam diameter (typically 0.5 and 1.8 nm for
He and Ne, respectively).

B COMPUTATIONAL METHODS

MD Simulations. MD simulations were carried out using the
LAMMPS* package to extract the statistics of defects produced by
the impacts of the projectiles (He, Ne, and Ar ions, and Si and O
atoms) onto the 2D materials (graphene and MoS, monolayers). The
MD calculations of ion impacts onto targets were performed as
described previously.”® At least 320 impact points per energy and
angle configuration were chosen. A modified Stillinger—Weber
potential”® with a smooth transition to the Ziegler—Biersack—
Littmark (ZBL) potential** for small distances was used. For
collisions of ions with the target atoms, the ZBL part dominates at
high energies, so that the ZBL potentials were also used to describe
the impacts of atoms sputtered from the substrate. This approx-
imation is further validated by a rather weak interaction of O and Si
adatoms with pristine graphene and MoS,: the adatoms are mobile on
graphene®® and MoS,™ surfaces, so that they should form compounds
and desorb from the system. The MD calculations for ion
bombardment of graphene were carried out using the combined
Tersoft and ZBL potential.

The simulation setup is presented in Figure 2. As we are aiming at
assessing the effects of low-dose irradiation, we assumed that the ions
always impinge into pristine material. To collect representative
statistics for different impact points, an irreducible area was chosen as
depicted in Figure 2¢c. The average number of defects produced by
impinging and backscattered particles, along with those produced by
sputtered substrate atoms, was obtained from MD simulations as
functions of ion energy and angle.

The effects of the SiO, substrate were modeled as an external
repulsive potential acting on the target atoms (Mo, S, or C) in the
corresponding region (see Figure 2). The choice of the potential was
motivated by the confining effect of the underlying substrate, which
makes the presence of sputtered target atoms in the substrate region
energetically unfavorable. The potential in this approximation can be
expressed as

U(Z) — A(eﬂ(z_zo) — 1) (1)

DOI: 10.1021/acsami.8b08471
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Figure 2. Simulation setup. (a) Atomistic model of MoS, on a SiO,
substrate. (b) Corresponding system where the substrate is modeled
using an external potential. (c) Definition of minimal irreducible area
used for choosing the ion impact points. (d) External potential acting
on the atoms of the 2D target. The MoS, is positioned at zero z
coordinate.

where the coefficients are determined by the boundary of the
potential region z, = 2 A, the surface approximation energy—the
energy required to approach a surface located at d = 3 A (distance

from the monolayer derived from first-principles calculations)*” from
infinity U(z = d) = 10 eV, and a defined kinetic energy loss of the
incident particle with U(z = 4 A) = S0 eV. This yields the coefficients
A=10/3eV~333eVand f=21n2 A ~ 1.38 A=%. The choice of
the parameters is not unique and depends on the target material—
substrate pair, but our calculations with slightly different parameters
gave qualitatively similar results. As for other simplifications, for
sputtered target atoms (e.g, S) with high energies, our approach
disregards the fact that the atoms may be captured by the substrate:
instead in the current model, it will be reflected and may act as a
secondary projectile and create defects, but the probability for this
process is very small. Another possible artifact of our approach is that
adsorption on the substrate is not taken properly into account.
However, in this case, the atoms are trapped between the 2D material
and the substrate, and this does not influence defect production.

The potential has no effect on the impinging ions, whereas
backscattered ions were treated using a statistical approach with the
data collected from the MC simulations. Splitting defect production
into two different channels is possible because of a very small
probability for the backscattered ions and sputtered atoms to hit the
area where defects were already produced by that same ion. Because
of the geometry of the system, we independently considered defect
production by the ions coming from above the 2D target, with ion
velocity vectors pointing toward the substrate (direct impacts), and
from below, with ion velocity vectors pointing away from the substrate
(the case for backscattered ions and sputtered substrate atoms).

MC Simulations. The MD approach was combined with the MC
method implemented in the TRIDYN code™®* to account for
projectile properties and their statistics (e.g., backscattering
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Figure 3. Number of atoms sputtered from the supported monolayer MoS, and graphene by energetic He ions as obtained from MD simulations.
Impacts of He atoms onto MoS, from above (a) and below (b). Impacts of He atoms into graphene from above (c) and below (d). Angles 6, and

0, are defined in Figure 1.
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Figure 4. Number of atoms sputtered from the supported monolayer MoS, and graphene by O and Si projectiles hitting the sheets from below as
obtained from MD simulations. Impacts of O (a) and Si (b) projectiles onto MoS,. Impacts of O (c) and Si (d) projectiles onto graphene.

probability, energy, and angle distributions). Simulation runs are
performed for normal ion incident on a SiO, layer with a thickness of
1 pm, and S million ions per incident energy. We performed the
calculations with the TRIDYN code because it gives more accurate
results with respect to the sputtering yield and the angular and energy
distribution of the recoils, as compared to the more popular SRIM
code.* The dependence of the sputtering yield on the surface binding
energy was carefully tested, see Figure S2. A value of Egyfoyygen = 2.0
eV is picked, which is the tabulated value for SiO, in SRIM*° and
known to produce results in accordance with experimental findings.
The MD and MC approaches were combined by treating the impacts
of the projectiles on the 2D target material in detail with MD
(accessing small length scales), whereas the projectile statistics was
sampled according to the results of the MC calculations (covering
larger length scales).

B RESULTS AND DISCUSSION

He lon Irradiation. The results for He ions are presented
in Figure 3. It is evident that the number of sputtered S and C
atoms increases with ion energy and then quickly drops
because of a decrease in the cross section to displace an atom
from the 2D target. This is in agreement with the results of
previous calculations.”®*® The atoms sputtered from the
substrate are more abundant than backscattered ions for
typical HIM energies. Detailed statistics data of projectile
characteristics obtained from the MC data, such as energy and
angle probability distributions, can be found in the
supplementary material. The number of sputtered atoms also
depends on the incidence angle, with the maximum in defect

30830

production being shifted toward higher ion energies for oft-
normal incidence.

We performed similar MD calculations for the impacts of O
and Si projectiles onto MoS, and graphene sheets. Only
impacts from “below” were considered. The results are
presented in Figure 4. The production of defects shows similar
trends as for He ions, but the number of sputtered atoms is
considerably higher because of larger atomic masses of O and
Si atoms as compared to He.

On the basis of the calculated number of atoms sputtered
from MoS, and graphene sheets per single impact of He, O,
and Si projectiles, we evaluated the average number of defects
produced in the system by He ion irradiation. To match the
usual experimental geometry, normal incidence of He ions was
assumed. Using the MC approach, we obtained the number of
backscattered He ions as well as sputtered O and Si atoms
from the substrate as functions of initial energy of He ions.
Using MD simulations, we also assessed the number of ions
which have passed through the sheet, which is different from
unity at energies below 1 keV. The results for MoS, sheet are
shown in Figure 5.

By combining the MD and MC data, the average number of
sputtered target atoms (Ni,,) (Mo and S for MoS, and C for
graphene) can now be calculated as

(Motal) = <Ndirect(He)> + <NBS(He)> + (NSP(Si) O))
2)
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Figure 5. Number of He ions which have passed through the MoS,
sheet, the number of ions backscattered by the SiO, substrate, along
with the number of sputtered O and Si atoms as functions of initial
He ion energy as obtained from MC calculations. Note that for better
visualization, the transmission probability of He ions through
monolayer MoS, is scaled by a factor of 0.2.

where (Ng,.(He)) is the average number of directly sputtered
atoms per He ion and (Nyg(He)) and (Ngp(Si,0)) are the
contributions from the backscattered ions and sputtered
substrate atoms, respectively. The average number of created
S-vacancies from direct impacts is given by (Ng) =
(Npove(Eg)fg = 0)), where (N..) is derived from MD
simulations with an impacting ion starting in the upper half
plane with the velocity pointing toward the substrate (see the
blue trajectory in Figure 1). The average number of S-
vacancies created by backscattered ions (Npg(E,)) in turn is
estimated by averaging the overall possible trajectories
(defined by energies and angles E;, 8,) of the backscattered
ions. This is realized by performing the probability
distribution-weighted integration of the average number of
defects (Nyow(E0))) (see green trajectory in Figure 1) over
the energies and angles of the backscattered particles. The
integral is further multiplied by the probability Pys(E,) for the
ion to be backscattered and hit the 2D target again and the
transmission probability T(E,) to obtain the average number
of sputtered S atoms

(Nus(E0)) = T(Ey) Pos(Eo)- [ By (EIE,):

/delsz(el)UVbelow(El’ 61)> (3)

where pps(6;) and pyg(E||E,) are the angular and energy
probability distributions of the backscattered ions, respectively.
The latter depends on the incident ion energy E,, whereas the
former is universal.

A similar expression can be used to evaluate the effects of
sputtered atoms (Ngp(E,)) on vacancy production with the
backscattering probability replaced by the average number of
sputtered atoms and summing over the contributions from Si
and O atoms (gray and red trajectories in Figure 1).

The results obtained with the combined MD and MC
approaches are presented in Figure 6. The data for damage
production by direct impacts and the data for the freestanding
materials are obtained directly from MD simulations carried
out for the same setup. The results for freestanding systems
agree well with the previously published data.”**’ As for Mo$,,
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Figure 6. Average number of atoms sputtered from MoS, (a) and
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freestanding monolayers (gray) and the direct sputtering (red) are
shown for comparison.

the average number of sputtered S-atoms for He irradiation
without the substrate shows two pronounced peaks which can
be attributed to sputtering from the top and bottom sulfur
layers.”® The data for direct He ion impacts also show two
peaks, but the second one (corresponding to higher energies)
is considerably suppressed, meaning that the substrate reduces
the forward sputtering for the bottom layer. This is supported
by the average number of S vacancies per layer obtained by
analyzing the defect density and defect locations after the ion
impacts.

As compared to the freestanding system, the direct defect
production in supported MoS, is overall smaller for ion
energies below 800 eV. This is a consequence of the reduced
sputtering from S-layer facing the substrate. The S recoils
generated there (in forward direction) cannot easily leave the
sample. Furthermore, for typical HIM energies, see Figure 6a,
for almost all energies in the relevant interval (from 1 to 30
keV), direct sputtering is completely absent, whereas defect
production is still noticeable in the supported system. In this
energy range, indirect sputtering and more specifically
sputtering by backscattered ions for lower energies (below 2
keV for MoS,) and sputtered substrate atoms for higher
energies can clearly be identified as the dominant damage
mechanism. Within the binary collision approximation, the
large mass ratio of Mo to He atom my,/myy, = 24 explains the
negligible number of sputtered Mo atoms found in the
combined MC/MD simulations for both direct and indirect
sputtering.

Figure 6b illustrates the defect production in freestanding
and supported graphene. It is evident that as in MoS,, the
substrate impedes the production of defects at very low
energies, but the effect is stronger than that in MoS,, as
graphene has only one layer of atoms. At high ion energies,
more defects are produced in the supported system with a
substantial contribution from backscattered ions. The bird’s-
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eye view on the defect production mechanisms of He-
irradiated MoS, reveals that the substrate has a dramatic
influence on the atom-sputtering rate. For MoS,, the sputtering
rate is approximately 5 times larger than without the substrate
in the HIM energy interval. A similar behavior is observed for
graphene. Such an increase in the damage rate was also found
experimentally for He ion bombardment of graphene
supported by a Si/SiO, substrate.>

Ne lon and Ar lon Irradiation. Similar to the modeling of
He ion irradiation, we carried out simulations of the impacts of
heavier Ne and Ar ions onto a supported MoS, sheet. We
found that the number of backscattered ions decreases
dramatically as compared to helium, whereas the average
number of sputtered substrate atoms increases, see Figure 7. In
particular, the probability for Ne ions to be backscattered from
the SiO, substrate is less than 1% for all the energies and is
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zero for Ar. Both observations can be understood within binary
collision approximation considering the projectile-to-target
mass ratio, as backscattering is more likely for lighter ions, and
the momentum transfer to secondary projectiles is more
efficient for a mass ratio close to unity (my./mg = 0.14, my./
mg; = 0.71, and m,,/mg; = 1.42). As expected, for an increasing
ion mass, the maximum of the sputtering yield shifts to higher
energies.

Figure 8 illustrates the effects of the substrate on the defect
production for MoS, and graphene. The results for free-
standing monolayers are also presented for the sake of
comparison. The data for freestanding monolayers, shown as
a reference, agree well with previously published results for
noble gas ion bombarded MoS, and graphene.”** Following
from the data on the abundance of the available projectiles,
Figure 7, the contribution to the damage in the 2D target from
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backscattered particles is negligible, and defect production
process is governed by direct impacts of ions and by atoms
sputtered from the substrate.

A salient feature is the suppression of defect production at
low ion energies, as the substrate “stops”, the atoms sputtered
away from the target and increases the probability for
immediate recombination of the vacancy—interstitial pair. It
is also evident from Figure 8 that although the total sputtering
yield increases because of the higher ion mass, the enhance-
ment in the indirect sputtering of target atoms is less
pronounced than the boost in direct sputtering. This means
that for heavier ions, the effect of the substrate on defect
production is smaller. Nevertheless, as panels (a—c) in Figure
8—illustrating sputtering of S, Mo, and C atoms by Ne—
demonstrate, the combined effect of direct and indirect
sputtering is twice as large as the sputtering yield without
the substrate in the energy range relevant for HIM (from 1 to
30 keV). This indicates that for neon in the HIM, the substrate
still plays an important role, whereas the processes which
enhance or diminish sputtering compensate each other in the
case of argon irradiation, as panels (d—f) in Figure 8 illustrate.
For the latter, a substantial increase in the sputtering yield
because of the presence of a substrate cannot be observed.

Spatial Distribution of Defects. The substrate not only
influences the number of defects produced under ion
bombardment but also has an important impact on the spatial
distribution of defects. From the application point of view, the
spatial extension of the defect region in supported 2D materials
is of paramount importance, as it determines the resolution of
the HIM during patterning of 2D materials. Our combined
MC/MD simulations provide direct access to the spatial
distribution of defects with respect to the impact point of the
ion. Although the impinging ions produce defects only in the
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immediate vicinity of the impact point (1 nm range; see the
inset in panel (c) of Figure 9), the backscattered ions and
atoms sputtered from the substrate give rise to the production
of defects in a wider region, with the average extension of the
region being dependent on initial energy of He (or Ne) ions.

For both He and Ne ions with energies below 1 keV, almost
all sulfur vacancies are produced within an 8 nm radius from
the impact point. However, for typical HIM energies, the
defective region is more extended: up to two-thirds of the
defects are produced outside the 8 nm region, as is evident
from Figure 9, panels (a) and (b). Although the defect density
decays rapidly with an increasing distance R from the impact
point, defects can be created at typical HIM energies even
outside the 10 nm range. As compared to the freestanding
material, where defects are expected only in the close vicinity
of the impact point, this result agrees well with the previous
experimental observations and indicates that backscattered
ions and sputtered substrate atoms are the main reason for
resolution limitations in patterning of supported 2D
materials.”*”*" Tt is interesting to note that spatial extend of
the damage also depends on ion mass. As evident from our
results (see Figure 9), higher energies (e.g., 30 keV) would give
a better spatial resolution for He, whereas it is the other way
around for Ne. For the latter, the lowest energies still attainable
in HIM (e.g, S keV) are preferable.

Comparison to Experimental Results. To validate our
approach, we analyzed the available experimental data on the
amount of damage produced in the supported graphene and
MoS, under ion irradiation. It should be pointed out that the
direct comparison of the theoretical and experimental defect
densities is not straightforward. On the one hand, in situ
annealing of defects even at room temperature is possible, and
on the other hand, at high irradiation doses, more defects can
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be produced, when defects already exist in the area where the
ion hits the sample. Neither of these effects can easily be
accounted for in simulations, but one can assume that they
cancel each other to the first order. The accurate
determination of defect concentrations in the experiments
from Raman spectra or energy-dispersive X-ray spectroscopy
data is also a challenge.

Irradiation of freestanding MoS, flakes by 30 keV He ions
gave rise to the loss of about 50% of the S atoms at a dose of
10'® He'/cm?, whereas an order of magnitude smaller dose
was required for the sample on a substrate.”” Our results
(Figure 6) indicate that Y &~ 0.008 S atoms are on average
sputtered away by a 30 keV He ion. A dose of 107 He*/cm?
corresponds to Ny ~ 90 ions hitting the primitive cell area.
Correspondingly, the relative number of atoms which should
still remain in the system is (2 — Y-N;)/2 & 0.6, which is in
very good agreement with the experimental data.

As for He ion irradiation of graphene in HIM, our
simulations indicated that the number of defects should be
larger in the supported samples (as compared to freestanding)
by a factor of about 3, which qualitatively agrees with the
experimental ratio” for doses below 10'° He"/cm?2. Our results
for 500 eV Ar irradiation on MoS, were also in the order-of-
magnitude agreement with the dose (about 5 X 10'> Ar*/cm?)
required to sputter ca. 25% of the S atoms.'” The agreement
with the published experimental values for higher Ar energies is
even more striking: although for bilayer graphene on SiO,
substrate irradiated with 100 keV argon ions a carbon
sputtering yield of 0.25 atoms per ion in the top layer (0.13
because of enhanced annealing in the second layer) is
determined in the experiment,” our results—not accounting
for annealing effects—yield 0.28 carbon atoms per Ar ion. For
freestanding system, the model suggests only half of this value.
Furthermore, our predictions for graphene are consistent with
the data extracted by Li et al.*' from the Raman spectra of
irradiated graphene samples: the sputtering yield in graphene
bombarded with 35 keV carbon ions is estimated as 0.15 C
atoms per incident ion,”" which is slightly smaller than our
predicted value of 0.22 C atoms per (slightly heavier) Ne ion.
A similar observation can be made for graphene irradiated with
30 keV N ions (0.186 atoms/ion),* which is in line with our
simulation results for 30 keV Ne ions (0.25 atoms/ion). In
both cases, the calculated sputtering yield of C atoms for
freestanding graphene samples is much smaller than the
experimental value.

B CONCLUSIONS

We suggested a computationally efficient scheme which
combines analytical potential MD and MC simulations to
model the irradiation of supported 2D materials. The scheme
makes it possible to independently assess the contributions to
the damage from backscattered ions and atoms sputtered from
the substrate. The approach can in principle be applied to any
2D material—substrate combination, provided that the
potential for the 2D target exists. The method does not
require to account explicitly for the interaction of the substrate
material with the target, as the substrate is replaced by an
effective repulsive potential. Using this scheme, we studied
defect production in graphene and MoS, sheets on a SiO,
substrate. Our results, which agree well with the available
experimental data, demonstrate that, depending on the ion
mass and energy, the number of defects produced in the target
by the impinging ions can be smaller or larger than in the

freestanding material, which is deposited on top of a trench in
the substrate or on a TEM grid. For helium and neon ions with
a wide range of initial ion energies including those used in
HIM, we showed that the energy defect production in 2D
systems can be dominated by backscattered ions and sputtered
substrate atoms rather than by the direct ion impacts. The last
statement is especially true for light ions. In particular, this is
the case for 30 keV He ions, most widely used for imaging and
patterning of 2D targets using HIM. We also studied the
factors which limit the spatial resolution of the patterning
process. Our results provide microscopic insights into defect
production mechanism, along with the quantitative informa-
tion, which can be used for the minimization of damage during
imaging or optimization of the patterning process.
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Bl ADDITIONAL NOTE

“The charge state of the projectile cannot be accounted for in
the classical MD simulations, and its value at each moment of
time is generally unknown. Therefore, just to differentiate
between the target/substrate atoms and primary projectiles, we
refer to the former as “atoms” and the latter as “ions”.
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ABSTRACT: Photoconductive terahertz (THz) emitters have been fulfilling many
demands required for table-top THz time-domain spectroscopy up to 3—4 THz. In
contrast to the widely used photoconductive materials such as GaAs and InGaAs, Ge
is a nonpolar semiconductor characterized by a gapless transmission in the THz I ]
region due to absence of one-phonon absorption. We present here the realization of a 00 05 10 15 20
Ge-based photoconductive THz emitter with a smooth broadband spectrum

" —— Ge emitter
= GaAs emilter

Electric field (a.u.)
(=]

Time (ps)

extending up to 13 THz and compare its performance with a GaAs-based analogue.
We show that the spectral bandwidth of the Ge emitter is limited mainly by the laser pulse width (65 fs) and, thus, can be

potentially extended to even much higher THz frequencies.

KEYWORDS: Ge photoconductive terahertz emitter, germanium transmission, GaAs transmission, terahertz time-domain spectroscopy,

gapless broadband spectrum, broadband terahertz detection

G enerating THz pulses using biased photoconductive (PC)
switches is one of the most studied and commonly
utilized techniques due to the compact size of THz emitters
and their operation flexibility. Major applications of pulsed THz
radiation include the study of physical phenomena in materials,
nondestructive testing, and chemical identification using time-
domain spectroscopic techniques.' * The multioctave spectral
bandwidth of THz pulses makes them useful for a broad range
of spectroscopic applications. Most common and efficient
emitters are fabricated on GaAs which require near-infrared
pulse pumping around 800 nm wavelength. This makes them
compatible with Ti:sapphire lasers operating at 800 nm
wavelength. To bring down the pump laser cost, below band
gap excitation in GaAs and low-bandgap semiconductor
InGaAs compatible with fiber lasers have been used.”® Current
PC emitters are reasonably efficient for time domain spectros-
copy in the 0.1-3 THz spectral band, but for higher
frequencies, the performance drops drastically.” ™ The drop
in THz signal at higher frequencies is mainly due to THz
absorption and screening by optical phonons in GaAs and
InGaAs which are polar semiconductors. The polar character of
the bonding in these crystals makes their optical phonon
infrared active enabling them to absorb THz radiation at the
transverse optical (TO) phonon resonance frequency and
results in a strong reflectivity within the Reststrahlen band
between the TO and longitudinal optical (LO) phonon
frequencies. Therefore, the emission spectrum of GaAs-based
PC emitters is typically limited to ~7 THz.® Optical
rectification techniques using thin crystals have shown some
advantage over PC emitters for frequencies above 3 THz.
However, all nonlinear crystals used for optical rectification like
GaP, ZnTe, and so on are also polar, and therefore, THz
absorption by optical phonons affects their spectrum too and
their gapless spectrum is limited up to 7 THz.'”"" There have

i i © 2018 American Chemical Society
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been continuous efforts to increase the THz bandwidth by
exploring new emission techniques, too.'*”"”

The first successful approach for the generation of a gapless
THz spectra utilized four-wave mixing process in air plasma
induced by mJ femtosecond pulses.'> Further extension of this
technique for a broadband field-resolved detection has enabled
a gapless coverage of frequencies up to 10—20 THz for linear
and nonlinear spectroscopic measurements."> The disadvantage
of the air plasma technology is the necessity to use amplified
Ti:Sa laser systems with pulse energies above 100 xJ and
correspondingly with low repetition rates. A major break-
through to overcome the frequency limitation problem using
conventional femtosecond oscillators with nJ pulse energies
came in recent years by the new concept of converting ultrafast
photoinjected spin current into THz charge current emitting
THz radiation.'*'® The extremely small thickness of such
spintronic emitters (just few nanometers) makes any
absorption or screening effects negligible and enables the
generation of gapless broadband THz spectra. However, PC
emitters offer a number of advantages such as tailoring of THz
fields using appropriate electrode designs as well as a fast
electrical modulation of the emitted signal for sensitive lock-in
detection that avoids the necessity to modulate the incoming
optical beam using mechanical choppers or acousto/electro-
optical modulators.'®

Under usual operating conditions a photoconducting
substrate is pumped on one side and THz radiation propagates
through the substrate and leaves it from the other side. Such
simple transmission scheme offers convenient alignment and
high collection efficiency of the emitted THz radiation.
Therefore, a PC emitter in this geometry should not only be
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able to radiate THz efficiently but also transmit it without high
losses. In the case of GaAs emitters, strong TO phonon
absorption around 8 THz limits the gapless spectrum
bandwidth to frequencies below 8 THz. There have been
attempts to avoid this problem by operating the emitter in a
reflection mode, that is, when THz radiated out from the front
surface is collected. But it does not solve the problem
completely, as even in reflection mode, the TO phonon
absorption and an eflicient screening at the LO phonon
frequency produce anomalies in the THz spectrum.'”~>' The
THz emission by the LO phonon in polar semiconductors
becomes especially pronounced in case of very high bias fields
inherent to p-i-n diode structures resulting in a sharp peak in
the emitted broadband THz spectrum.”” A true gapless
broadband PC emitter covering frequencies up to more than
8 THz has still not been realized.

A PC emitter based on a nonpolar semiconductor such as Si
or Ge can potentially produce a gapless broadband THz
spectrum spanning beyond the limit of 7—8 THz. Although Si-
on-Sapphire PC switches were historically among the first THz
emitters,”> most of the modern devices are based on III—V
semiconductors (GaAs and InGaAs) due to their higher carrier
mobility as compared to Si. In contrast to Si, Ge exhibits much
higher carrier mobility that is almost comparable to GaAs (see
Table 1) and is capable of supporting high photocurrents.

Table 1. Carrier Mobility and Bandgap Comparison of GaAs
and Ge’***

electron hole mobility
mobility p My He + Hy
bandgap (eV) (cm? V_t}, s_el) (em? V7! s7h) (cmzeV_Hs_l)
GaAs 1424 <8500 <400 <8900
Ge 0.661 (0.8 at <3900 <1900 <5800
Ep, direct
bandgap)

Moreover, due to its small bandgap Ge can be excited using
fiber lasers similar to InGaAs emitters. However, due to the
indirect bandgap of Ge, its recombination time is of the order
of ps. Probably, this has prevented Ge from getting attention as
a PC material for THz emission since for an efficient operation
the carrier lifetime should be much shorter than the time period
between two pulses used to pump the emitter. There were few
reports on THz emission from Ge using different techniques,
but these emitters were not efficient and the reported spectral
bandwidth was below 3 THz.**** Although for pulsed THz
emission, picosecond recombination and trapping times are not
mandatory, they can be attractive to improve the performance
of a THz emitter.”® It was demonstrated that ultrashort carrier
lifetimes in Ge thin films can be achieved by ion implantation.*®
Moreover, recently thermally evaporated Ge films featuring
subps trapping times have been reported.””

Here we present broadband THz emission from Ge PC
emitter with a gapless spectrum. We demonstrate that the
efficiency of the Ge emitter is comparable to an identical semi-
insulating GaAs-based PC device and its bandwidth surpasses
GaAs by more than factor of 2. Considering the progress in
germanium-on-silicon for integrated silicon photonics, Ge is a
material with better compatibility to the existing Si electronics
as compared to any other THz material for integrating like
GaAs, InGaAs, InAs, InSb, GaP, ZnTe, GaSe, and so on. Strain
engineered direct and indirect bandgap in Ge gives it further

2719

advantage to diversify its compatibility with different fiber
lasers.”* ™3

B RESULTS AND DISCUSSION

THz PC emitters are fabricated on nominally undoped Ge and
semi-insulating GaAs substrates with the thickness of 500 and
625 pum, respectively. Figure 1 shows transmission spectra of

10°
s
_a 101
@
£
w
g
I: 107 FTIR transmission

Ge A
" A
o Gats i\ IIIl Noise floor
0 5 10 15
Frequency (THz)

Figure 1. Infrared transmission spectra of 625 ym GaAs and 500 ym
Ge substrates.

these substrates. The spectrum of the GaAs substrate is
dominated by the strong absorption band between 7 and 10
THz where the transmission drops below the noise level
(~0.2%) of the spectrometer. Obviously, it corresponds to the
Reststrahlen band of GaAs defined by the TO and LO
phonons. In addition, there are two weaker absorption bands
centered around S and 13 THz due to two-phonon absorption
processes.”’ These features clearly limits the bandwidth of
GaAs-based THz emitters. The Ge substrate shows high and
almost flat transmittance, apart from a dip around 10 THz due
to two-phonon absorption in Ge which is present even in
nonpolar semiconductors.”> However, this high-order absorp-
tion processes in Ge are much weaker compared to the TO
phonon absorption in GaAs and they should become almost
negligible by thinning down the substrate to 100—200 ym.

To test the THz emission characteristics, the emitters are
pumped with 800 nm NIR pulses of width ~6S fs, energy of 12
nJ at the repetition rate of 250 kHz. The pump pulse
photogenerates electron—hole pairs in Ge (and GaAs) and
these new charge carriers give rise to a current surge in biased
emitter electrodes. This current surge causes the THz radiation.
The next pump pulse comes after 4 ys, which gives enough
time for carrier recombination and hence reduction in the
photocurrent current before the arrival of next pump pulse.
With the oscillator laser with repetition rates of a few tens of
MHz similar time interval between two consecutive pulses can
be achieved with pulse-picker. The carrier recombination time
in Ge can also be reduced to make it compatible with oscillator
laser with few tens of MHz repetition rate.”>”” The current—
voltage characteristics of both emitters are plotted in Figure 2a.
The current through the Ge emitter is obviously larger than
that of the GaAs emitter due to its low bandgap and longer
carrier lifetime, but still it is just a few mA, hence the device
operates without a heating problem.

THz pulses emitted from GaAs and Ge, and recorded using
300 pm thick GaP are shown in Figure 2b together with their
Fourier transforms in the inset. The emitted THz field ratio is
close to the carrier mobility sum (. + p3,) ratio of Ge and GaAs
shown in Table 1. The cutoff frequency for GaAs emitter (~6.5
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Figure 2. (a) I-V characteristics of the emitters. An optical microscope image of the bowtie electrode structure is shown in the inset. The gap
between the two electrodes is 10 ym. (b) THz pulses recorded from 300 ym thick GaP electro-optic detector. Fourier spectra of the THz pulses are
shown in the inset. (c) Variation of peak electric field of THz pulse with pump power. (d) Variation of the peak electric field with applied electric
field on the emitters.
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Figure 3. (a) Electric field of the THz pulse from Ge and GaAs emitters recorded using 40 ym thick ZnTe. The THz pulse from Ge is sharper than
that of GaAs. (b) Calculated electro-optic detection response function for 40 ym thick ZnTe. The calculated curve without taking into account any
frequency resolution effect is shown as a black solid line. The calculated detector response function is convoluted with the experimental frequency
resolution and the convoluted curve is plotted with dashed line. (c) FFTs of the THz pulses shown in (a). (d) FFT spectrum after correcting for the
detector response function convoluted with the experimental frequency resolution. The dashed line represents an idealized spectrum limited only by
the 65 fs duration of the laser pulses.

THz) is due to low transmission through GaAs in the 5—10 emitter, the cutoff frequency around 7.5 THz is due to the
THz band, as shown in FTIR data in Figure 1, but for the Ge limitation of GaP detector response.
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Emitter performances are compared at different pump
powers and different applied bias. Results are shown in Figure
2¢,d. Both emitters show saturation with the pump power at
around 2 mW (i.e., 8 nJ) due to screening of the bias field after
the electron—hole charge separation. The THz field depend-
ence on the applied bias field is linear for the GaAs emitter as
expected. For Ge emitters this dependence is slightly
superlinear. This contrasts the sublinear character of the I-V
curves for the Ge emitter shown in Figure 2a. Thus, the
transient photocurrent emitting the THz pulse scales differently
with the applied bias as compared to the average long-lived
current flowing through this device. We speculate that this fact
can be related to non-Ohmic contact of the Au/Ti metal
electrodes with the Ge substrate. A Schottky barrier at one of
two contacts is biased in reverse direction and limits the average
current flowing through the whole structure leading to the
sublinear I—V characteristic. On the other hand, the bias field
concentrated in the depletion region at the Schottky barrier can
facilitate THz emission by efficient acceleration of the
photoinjected carriers. In general, these deviations from the
linearity are minor and do not represent a fundamental
property of the Ge-based emitter.

To test the emitter performance at higher THz frequencies,
THz pulses are recorded using a 40 pm thick ZnTe (110)
crystal and results are shown in Figure 3a. The detector
response is calculated by the same method as in ref 33 and it is
plotted in Figure 3b with a solid black line. The sharp dip
around S THz is due to a phonon resonance occurring in ZnTe.
At the same applied bias of 10 V and pump power of 3 mW, the
peak-to-peak electric field of the Ge pulse is very close to that
of GaAs. Total carrier mobility (. + ) is higher in GaAs than
Ge, but as discussed above, the GaAs substrate absorbs most of
the THz intensity in the 7—10 THz band, making the THz
electric field profile broader with reduced peak electric field. 40
um ZnTe is thin enough to detect ultrafast electric field
variations corresponding to frequencies in the 7—10 THz band,
which was not possible that efficiently when using 300 gm thick
GaP. Therefore, the THz signal from the Ge emitter is
improved as compared to the THz signal from the GaAs
emitter.

Fourier transforms of the THz pulses recorded with 40 ym
ZnTe are shown in Figure 3c. There is a strong dip at ~5 THz
in both spectra which is due to the dip in the detector response
function, as shown in Figure 3b. As expected from the FTIR
data there is almost no signal beyond S THz for the GaAs
emitter, whereas the spectrum of the Ge emitter extends up to
13 THz. The data in Figure 3c also includes the detector
response variation with frequency. To obtain the actual
spectrum of the emitted THz pulses, the detector response
needs to be eliminated by dividing the measured spectrum
amplitude by the detector response function. The detector
response function is theoretically calculated and it has a very
sharp dip around 5 THz. But this dip will not appear that sharp
in the experimentally measured spectrum due to limited
frequency resolution imposed by the extension of the measured
trace in the time domain. To account for the frequency
resolution, the calculated detector response function is
convoluted with the frequency resolution function of our
THz setup defined by the temporal interval used for electro-
optic sampling (dash line curve in Figure 3b). Measured spectra
are divided by the convoluted detector response of Figure 3b
and the corrected FFT spectra are plotted in Figure 3d. For the
Ge emitter the THz signal extends up to 13 THz, so the
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corresponding THz spectrum has been corrected up to 15
THz. The noise floor beyond 15 THz is divided by the value of
the response function at 15 THz (~0.27) to preserve the
continuity of the FFT curve. For the GaAs emitter, a clear
signal is visible only up to S THz and the signal disappears
completely beyond 7 THz. The FTIR measurement also shows
almost no transmission across the GaAs substrate in the 7—10
THz band, so it is reasonable enough to consider the FFT
amplitude at 7 THz to be the noise level for the GaAs emitter.
Therefore, the FFT spectrum is corrected only up to 7.5 THz,
and the noise floor beyond 7.5 THz is divided by the detector
response at 7.5 THz (~0.19).

In Figure 3d we see a gapless exponentially decaying
spectrum reaching up to 13 THz from the Ge emitter, which is
far better than that of the GaAs emitter at frequencies above S
THz. The residual nonuniformity in the spectrum around S
THz is due to incomplete compensation of the sharp dip in the
detector response. The detector response is smooth around 10
THz; therefore the dip in the spectrum at 10 THz is considered
real and attributed to the two-phonon absorption dip of Ge as
also observed in the FTIR spectrum (see Figure 1). The
observation of this absorption feature in the THz spectrum
demonstrates that its intensity is well above the noise level at
these frequencies. Finally, we compare the measured THz
spectrum with a THz spectrum for an idealized infinitely
broadband emitter and a hypothetic detector which is limited
only by the duration of our laser pulses (65 fs) used for
photoexcitation and electro-optic detection. This idealized
spectrum is shown in Figure 3d by the black dashed line. Since
the transformation due to the focusing optics is not taken into
account, the spectral intensity remains finite down to zero
frequency. The comparison with the experimental spectra
shows good agreement and demonstrates that the high-
frequency cutoft limit of the Ge emitter is mainly defined by
the pulse duration of the laser amplifier system used in our
experiment. Thus, the utilization of much shorter laser pulses
from Ti:sapphire oscillators can potentially extend the
bandwidth of Ge PC emitters above 20—30 THz or even
higher.

B CONCLUSION

In conclusion, we successfully demonstrated the operation of a
Ge photoconductive emitter as a THz emitter which is capable
of radiating a true gapless spectrum up to 13 THz when
pumped with 65 fs laser pulses. The emitted spectrum
approaches a nearly ideal THz emitter and it is limited only
by the laser pulse duration. In particular, provides broadband
THz emission in the frequency range between S and 10 THz
which is hardly accessible by common methods. Our results
demonstrate the superior potential of Ge as a THz photo-
conductive material, with additional Si CMOS compatibility
and longer cutoff wavelengths for the pump laser, and opens a
new door for further investigations.

B EXPERIMENTAL METHODS

Emitter Fabrication. An electron beam lithography
technique is used to fabricate the electrode structures on Ge
and GaAs. We fabricate standard bowtie like electrode
structures to apply the bias in the semiconductor. The
electrode gap is 10 ym. Both emitters have identical electrode
structure. The 45 nm thick Au on top of 5 nm Ti is deposited
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by electron beam evaporation on the substrate to fabricate the
electrodes.

FTIR Measurements. Transmission spectra of GaAs and
Ge substrates are measured using a Fourier-transform infrared
(FTIR) spectrometer (Bruker Vertex80v).

THz TDS Measurement. A standard THz time domain
spectroscopy setup using off-axis parabolic mirrors is used to
record the THz pulses. A Ti-Sapphire amplifier laser with
wavelength centered around 800 nm, pulse width ~65 fs, and
250 kHz repetition rate is used to pump the emitters, and part
of the same laser pulse is used for electro optic sampling of the
emitted THz pulse field. Emitters are tested in transmission
mode. The frequency resolution of the FFT spectrum depends
on the THz pulse span used to take the Fourier transform,
which is 6.66 ps for plots in Figure 2 and 6.30 ps for plots in
Figure 3.
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Presently, silicon photonics requires photodetectors that are sensitive in a broad infrared range, can
operate at room temperature, and are suitable for integration with the existing Si-technology process.
Here, we demonstrate strong room-temperature sub-band-gap photoresponse of photodiodes based on Si
hyperdoped with tellurium. The epitaxially recrystallized Te-hyperdoped Si layers are developed by ion
implantation combined with pulsed-laser melting and incorporate Te-dopant concentrations several orders
of magnitude above the solid solubility limit. With increasing Te concentration, the Te-hyperdoped layer
changes from insulating to quasi-metallic behavior with a finite conductivity as the temperature tends
to zero. The optical absorptance is found to increase monotonically with increasing Te concentration and
extends well into the mid-infrared range. Temperature-dependent optoelectronic photoresponse unambigu-
ously demonstrates that the extended infrared photoresponsivity from Te-hyperdoped Si p-n photodiodes
is mediated by a Te intermediate band within the upper half of the Si band gap. This work contributes
to pave the way toward establishing a Si-based broadband infrared photonic system operating at room

temperature.

DOI: 10.1103/PhysRevApplied.10.024054

L. INTRODUCTION

Presently, there is a need to overcome the bottleneck
in the processing of the huge volume of data transmit-
ted over the traditional telecommunication wavelengths
around 1.3 and 1.5 um [1,2]. Extending the spectral
range from the near-infrared (NIR) (from approximately
0.8 to approximately 2 um) to the mid-infrared (MIR)
(from approximately 2 to 25 um) [3] has been pro-
posed as a viable route for solving this setback [4—6].
Si-based photodetectors, compared with III-V (e.g., InSb)
or (Hg,_,Cd,)Te infrared ones, satisfy the demand for
cost-effective and environmentally friendly solutions, and
enable the development of on-chip complementary-metal-
oxide-semiconductor (CMOS)-compatible photonic sys-
tems [5,7,8]. However, their photoresponse is fundamen-
tally limited in the visible and NIR spectral regime
owing to the relatively large band gap of Si (1.12 eV,
A =1.1 um). Therefore, the room-temperature broadband
infrared detection is of great interest in the realm of silicon
photonics. In particular, hyperdoped Si materials are the
spotlight of present-day investigations due to their supe-
rior optoelectronic properties (e.g., the highest absorption
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coefficient (approximately 10* cm™') ever obtained for Si
in the infrared range, which is comparable to that of intrin-
sic Ge after incorporating certain concentrations and types
of dopants [9]. More recently, hyperdoping has success-
fully been extended to nanostructured Si such as nanowires
and nanocrystals [10,11] where localized surface plasmon
resonances [12] and sub-band-gap optoelectronic pho-
toresponse have been demonstrated [13]. This new type
of material is also better than Si-Ge [14] and Si-III-V-
semiconductor heterostructures [15] from the standpoint
of fabrication [16]. However, extrinsic infrared (IR) pho-
todetectors based on Si with dopants of group III (B,
Al, and Ga) and V (P, As, and Sb) can only operate at
temperatures below 40 K [7,17—19], since the introduced
shallow-dopant levels within the Si band gap are thermally
ionized at room temperature.

Alternatively, Si photodetectors that make use of deep-
level dopants (with a much higher thermal-ionization
energy), such as Ti, Ag, Au, S, and Se [20-25], are effec-
tive for strong room-temperature photoresponse, extend-
ing well in the IR range [23,24,26,27]. The extended
photoresponse has been demonstrated to be associated
with known-dopant deep-energy levels within the Si
band gap. However, less attention has been paid to the
optoelectronic photoresponse of Te-hyperdoped Si [28].

© 2018 American Physical Society
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FIG. 1. Energy-level schemes for S-, Se-, and Te-doped Si
[29,30,32,33].

In fact, chalcogens are double donors in Si, and Te espe-
cially offers important advantages for hyperdoping Si over
its chalcogen counterparts, namely S and Se dopants. For
instance, Te introduces deep-donor states at £.-0.20 eV
and E.-0.41 eV, which are located in the upper half of
the Si band gap and in turn are closer to the conduction
band (CB) compared with S and Se as schematically shown
in Fig. 1 [29,30]. This feature of Te facilitates the fur-
ther extension of the photoresponse toward the MIR range.
However, Te has a larger atomic radius and is much less
electronegative than S and Se (S, 2.58; Se, 2.55; Te, 2.10)
[31]. The latter results in a larger substitutional forma-
tion energy (F') of Si:Te, e.g., F/ [Sij25:8]=—0.13 eV,
F/[Sijns:Se]=+1.29 eV, and F'[Sijzs5:Te]=+1.97 eV
[32]. Thus, achieving a hyperdoping level in Si:Te com-
parable to the one reported for Si:S or Si:Se is more
challenging.

In this work, we report on the realization of single-
crystalline and epitaxial-hyperdoped Si with Te concentra-
tions as high as 10?! cm™3 by ion implantation combined
with pulsed-laser melting (PLM). The observed quasi-
metallic behavior is driven by increasing Te concentration.
Te-hyperdoped Si p-n photodiodes exhibit a remarkably
broad spectral range down to 3.1 um at room temperature
with an enhanced optoelectronic photoresponse compared
to the Au-hyperdoped Si-based photodetectors [23]. This
work points out the potential of Si hyperdoped with Te for
room-temperature infrared detection as the new generation
of Si-based photonic systems.

II. EXPERIMENTAL DETAILS

Double-side-polished Si (100) wafers (p-type, boron-
doped, p~1-10 Q cm) are implanted with Te ions at
six different fluences at room temperature (see Table I).
The Te depth profile is first calculated using SRIM
code [34] and then verified by Rutherford backscattering-
spectrometry/channeling (RBS/C) measurements. A

combined implantation with energies of 150 and 50 keV
with a fluence ratio of 2.5:1 is applied to obtain a uniform
distribution of Te in the implanted layer. Subsequently,
ion-implanted samples are molten using a pulsed Xe-Cl
excimer laser (Coherent COMPexPRO201, wavelength of
308 nm, pulse duration of 28 ns) in ambient air. A sin-
gle laser pulse of beam size 5 x 5 mm? with a fluence of
1.2 J/em? is used to anneal the as-implanted layers. The
choice of this pulsed laser melting (PLM) fluence is car-
ried out by inspecting the crystalline quality and the Te
depth profile of the layers using Raman and RBS mea-
surements, respectively. During the annealing process, the
whole amorphous implanted region is molten and then
recrystallized with a solidification speed of the order of
10 m/s while cooling down [35]. This allows for Te con-
centrations beyond the solid-solubility limit of Te in Si
while preserving the epitaxial single-crystal growth.

To analyze the microstructure of the PLM-treated Te-
hyperdoped Si layers, high-resolution transmission elec-
tron microscopy (HRTEM) is performed on an image
Cs-corrected Titan 80-300 microscope (FEI) operated at
an accelerating voltage of 300 kV. High-angle annu-
lar dark-field scanning transmission electron microscopy
(HAADF-STEM) imaging and spectrum imaging based on
energy-dispersive x-ray spectroscopy (EDXS) are done at
200 kV with a Talos F200X microscope equipped with
an X-FEG electron source and a Super-X EDXS detec-
tor system (FEI). Prior to STEM analysis, the specimen
mounted in a high-visibility low-background holder is
placed for 10 s into a Model 1020 Plasma Cleaner (Fis-
chione) to remove contamination. Classical cross-sectional
TEM-lamella preparation is done by sawing, grinding,
polishing, dimpling, and finally, Ar-ion milling. RBS/C
measurements are performed with a collimated 1.7-MeV
He™ beam of the Rossendorf van de Graff accelerator with
a 1020 nA beam current at a backscattering angle of 170°
to investigate the crystalline quality of the pulsed-laser-
annealed Te-hyperdoped Si layers. The channeling spectra
are collected by aligning the sample to make the impinging
He™ beam parallel to the Si [001] axes.

The conductivity type, carrier concentration, and car-
rier mobility of the PLM-treated Te-hyperdoped layers are
measured by a commercial Lake Shore Hall measurement
system in a van der Pauw configuration [38] under a mag-
netic field perpendicular to the sample plane. The magnetic
field is swept from —4 to 4 T. The gold electrodes are
sputtered onto the four corners of the square-like sam-
ples. The native-SiO, layer is removed by hydrofluoric
acid (HF) etching prior to the sputtering process. Next, a
silver-conductive-glue paste is used to contact the wires
to the gold electrodes. All contacts are confirmed to be
ohmic by measuring the current-voltage curves at different
temperatures.

Transmittance (7)) and reflectance (R) measurements
are performed at room temperature by means of a
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TABLE I.

Sample description. The depth distribution of Te (estimated thickness = 120 nm) is calculated using SRIM and verified by

RBS measurements (a fit to the RBS random spectrum using the SIMNRA code [36,37] yields the Te concentration). The sample names

refer to the peak Te concentration of the as-implanted layer.

Sample ID Implantation parameters Tellurium peak concentration (%)
Te-0.25% 150 keV, 7.8 x 10" cm™2; 50 keV, 3.1 x 10'4 cm™2 0.25

Te-0.50% 150 keV, 1.6 x 10"° cm™2; 50 keV, 6.2 x 10'* cm—2 0.50

Te-1.0% 150 keV, 3.1 x 10"° cm™2; 50 keV, 1.2 x 10! cm—2 1.0

Te-1.5% 150 keV, 4.7 x 10" cm™2; 50 keV, 1.9 x 10'> cm ™2 1.5

Te-2.0% 150 keV, 6.2 x 10"° cm™2; 50 keV, 2.5 x 10'5 cm—2 2.0

Te-2.5% 150 keV, 7.8 x 10"° cm™2; 50 keV, 3.1 x 10! cm—2 2.5

Fourier-transform infrared (FTIR) spectroscopy using a
Bruker Vertex 80v FTIR spectrometer to quantify the
sub-band-gap absorptance of the Te-hyperdoped Si lay-
ers in the infrared spectral range of 0.05-0.85 eV
(A =1.4-25 um). To this end, the probe beam is focused
on the PLM-treated area of the sample (5 x5 mm?).
The absorptance (4 =1 — T — R) is then determined by
recording the transmittance and reflectance spectra.

The temperature-dependent photoresponsivity from 60
to 300 K is measured in the Te-hyperdoped Si/p-Si photo-
diode devices. A 0.068-cm? illuminated area is photolitho-
graphically processed by defining fingers with a separation
of 200 ym resulting in frame-like Ti/Al top electrodes on
top of the Te-hyperdoped Si layer. The bottom-side elec-
trode is made by Ti/Al contact on nearly the entire bottom
surface, but avoiding sample edges in order to reduce pos-
sible parasitic-electrical conduction through the edges of
the sample. Both the top-side and bottom-side electrodes
are defined by e-beam evaporation using a 50 nm/100 nm
Ti/Al bilayer. The photoresponsivity measurements are
conducted by placing the p-n photodiodes inside a helium
closed-cycle Janis cryostat with a Zn-Se window. A vac-
uum pump is used to avoid moisture condensation at low
temperatures [22]. A Si-C glowbar-infrared source coupled
to a TMc300 Bentham monochromator equipped with grat-
ings in Czerny-Turner reflection configuration is used. The
incident 1.5 x 3.0 cm? light spot, spatially homogeneous
in intensity, is used to study the spectral photoresponse of
the device. The system is calibrated with a Bentham pyro-
metric detector. The short-circuit photocurrent between the
top and bottom contacts is measured with a SR830 DSP
lock-in amplifier. For all the measurements, the infrared
light from the SiC source is mechanically chopped at 87 Hz
before entering the monochromator.

ITII. EXPERIMENTAL RESULTS

A. Structural properties

A representative cross-sectional HAADF-STEM micro-
graph superimposed with the corresponding Te, Si, and O
element maps is shown in Fig. 2(a) for the PLM-treated
Te-hyperdoped Si layer (Te-1.5%). Apart from the native-
oxide layer at the surface, Te is found to be evenly

distributed within the top 125 nm of the Si wafer. Nei-
ther Te surface segregation nor nano-scale Te agglom-
erates are detected despite the high-doping concentration
of more than 10%° cm™3. Single-crystalline regrowth of
the Te-hyperdoped Si layer during the PLM treatment
is confirmed by HRTEM imaging and the subsequent
fast-Fourier-transform analysis as shown in Fig. 2(b).
Moreover, extended defects, secondary phases or cellular
breakdowns are not observed.

After the PLM treatment, all the Te-hyperdoped Si
samples show a similar crystalline quality and Te depth
distribution. Figure 2(c) depicts the representative RBS/C
spectra of a PLM-treated Te-hyperdoped Si layer together
with the virgin Si and the as-implanted sample. The ran-
dom spectrum of the as-implanted layer reveals a thickness
of about 120 nm for the Te profile, in an approximately
Gaussian distribution. No channeling effect is observed in
the implanted layer because of the amorphization caused
by ion implantation. From the RBS-channeling signal, the
PLM-treated layer shows a minimum backscattered yield
Xmin Of 4% (defined as the ratio of the aligned to the ran-
dom yields), which is comparable to that of the virgin-Si
substrate. This indicates a full recrystallization and an epi-
taxial growth of the PLM-treated layer, in agreement with
the HRTEM results in Fig. 2(b).

It is evidenced in the Te signal that Te atoms tend to dif-
fuse toward both the surface and the substrate sides during
the PLM process, leading to a relatively uniform Te pro-
file with a thickness of 125 nm, as illustrated in Fig. 2(a).
Moreover, the inset in Fig. 2(c) shows that the channel-
ing spectrum of the 1.5%-Te-hyperdoped sample exhibits a
X min Of about 4% for Si and 30% for Te in the Te-implanted
region. The substitutional fraction for Te (i.e., the ratio of
substitutional-Te dopants at the Si-lattice sites to the total
implanted Te atoms) can be estimated as (1 — 30%)/(1 —
4%) ="72% [39]. The substitutional fraction of all the Te-
hyperdoped Si samples is around 70%, higher than that of
Se in Si [40].

B. Electrical characterization

Electrical measurements are made to investigate the
transport properties of the PLM-treated Te-hyperdoped
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FIG. 2. Microstructure investigation of Te-hyperdoped Si lay-
ers (color online). (a) Cross-sectional HAADF-STEM image
superimposed with the corresponding EDXS element maps
(blue: tellurium, green: silicon, red: oxygen) for the PLM-treated
Te-hyperdoped Si layer Te-1.5%; (b) representative HRTEM
image with corresponding fast Fourier transform (inset) for a
field of view as depicted by the red square in image part (a);
(c) a sequence of 1.7 MeV He RBS/C spectra of PLM-treated
Te-hyperdoped Si layer. The inset in Fig. 2(c) shows the mag-
nification of random (-R) and channeling (-C) Te signals from
as-implanted and PLM-performed Te-hyperdoped Si samples
with a concentration of 1.5%.

Si layers. To avoid the influence of the parallel conduc-
tion from the p-type Si substrate, a set of samples with
the same range of Te concentrations are processed on an
intrinsic Si substrate (p > 10* Q cm). Figure 3 shows
the temperature-dependent resistivity of Te-hyperdoped Si
samples with different Te concentrations. At room temper-
ature, the resistivity of the Te-hyperdoped Si layers is less
than 10~2 © cm, which is much lower than that of the
Si substrate. This confirms that the intrinsic-Si substrate
has no influence on the transport properties of the Te-
hyperdoped Si layer considering the respective thickness.
Figure 3 shows that the resistivity decreases with increas-
ing Te concentration and a remarkable difference in a factor
of 10* is reached at 2 K. Samples with 0.25% and 0.50%
of Te content behave like insulators with the resistivity
sharply increasing at low temperatures. This is because of
the electrons’ return to their localized ground states from
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FIG. 3. Temperature-dependent resistivity of the Te-

hyperdoped Si layers with different Te concentrations. The
inset shows a magnification of the data for samples with higher
Te concentration.

the thermally-excited conduction-band states as tempera-
ture decreases. However, samples with Te concentrations
higher than 1% exhibit a different behavior as shown in
the inset of Fig. 3, i.e., their resistivity slightly increases
as the temperature decreases. Samples with a higher dop-
ing concentration show quasi-metallic behavior, i.e., their
conductivity remains finite as the temperature tends to zero
due to the delocalization of donor electrons above a critical
donor concentration (n.) [41]. This gradual transition from
insulating to quasi-metallic behavior driven by the Te con-
centration involves the formation of a broad intermediate
band (IB) in the upper half of the Si band gap [42,43].

C. Optical absorption

A strong and broad sub-band-gap optical absorptance in
Te-hyperdoped Si layers, as compared with a bare Si sam-
ple, is shown in Fig. 4. The sharp peaks below 0.15 eV in
the absorptance spectra are known to be related with oxy-
gen and carbon impurities [44,45] in the Si substrate. The
absorptance extends down to 0.048 eV (the MIR-detection
limit of FTIR) while it increases with the Te concen-
tration, which is consistent with the previously reported
results about S- and Se-hyperdoped Si [27,46]. The well-
defined broad-absorptance band peaking at around 0.36 eV
for samples Te-0.25% and Te-0.5% comes from the pres-
ence of discrete impurity levels or a narrow intermediate
band. The peak position correlates well with the activation
energy of the deep Te levels [29] and agrees with previ-
ous works [32,47]. On the other hand, samples with Te
concentrations in excess of 1% show quasi-metallic behav-
ior and the broad-absorptance band evolves leading to a
strong increase of the absorptance down to 0.048 eV. This
can be understood in terms of a free-carrier-absorption
process because of the high-carrier concentration in the
Te-hyperdoped Si layers (=102 cm™3). For the sample
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FIG. 4. Room-temperature sub-band-gap optical-absorptance
spectra from PLM-treated Te-hyperdoped Si samples with dif-
ferent Te concentrations. A bare Si substrate is shown as a
reference.

with the highest Te content, the decrease of the sub-band-
gap absorptance is likely due to the formation of inactive
Te Vm (vacancy-impurity complexes) with similar com-
plexes as reported in As-hyperdoped Si [48] since the Si
host no longer accommodates more Te atoms at such high
concentrations (1 x 10?! cm™3).

D. Infrared-optoelectronic response

The sub-band-gap photoresponse in Te-hyperdoped Si
layers is further investigated via the spectral responsiv-
ity (A-W~1) of p-n photodiode devices. The top view and
cross section of the Te-hyperdoped Si/p-Si photodiode are
schematically presented in Figs. 5(a) and 5(b), respec-
tively. Figure 5(c) shows an /-V curve at room temperature
in dark and Fig. 5(d) depicts the infrared responsivity
(A-W~1), which is estimated at zero bias (i.e., photovoltaic
mode), as a function of incident photon energy. Measure-
ments are performed at zero bias in order to prove the
pure-photovoltaic effect of the Te-hyperdoped Si/p-Si pho-
todiodes. This will rule out any other possible origin of the
photoresponse. Measurements under a reverse bias could
give a false positive such as a photoconductive effect. The
zero-bias room-temperature responsivity of a commercial
Si-PIN photodiode (model: BPW34) is also included for
comparative purposes in Fig. 5(d). We fabricate the photo-
diodes on the Te-hyperdoped Si sample with the strongest
sub-band-gap absorptance (see Fig. 4, sample Te-2.0%).

Figure 5(c) shows that the fabricated photodiode
presents a rectifying behavior. The forward voltage corre-
sponds to positive bias applied to the bottom contact (p-Si
substrate) and the ratio of direct to reverse current is 36
at £0.5 V. To further analyze the rectifying behavior, the

dark 7-V curve is fitted to a single-diode model [49] using

V— IR,

] = [O[e(q(V—IRs)/ﬂkBT) _ 1] +
Rshunt

) (1

where [ is the saturation current, ¢ is the electron charge,
T is the temperature, n is the ideality factor, and kp is
the Boltzmann constant. V" and / are the total voltage and
current whereas Ry and Ry, are the series and parallel
resistances, respectively. Hence, Ry, R, 1o, and n are
found to be 6.4 2, 850 2, 68 1A, and 2.2, respectively.
The deduced series-resistance value is in agreement with
the calculated series resistance, Ry = p(¢/A), assuming a
wafer resistivity of p =1-10  cm, a wafer thickness of
t=380 um, and an electrode area of 4 =0.068 cm?. This
confirms the ohmic character of the contacts. On the other
hand, an ideality factor of 2.2 suggests (i) the existence
of a p-n junction rather than a metal-semiconductor junc-
tion, in which the ideality factor is expected to be 1 [50]
and (ii) that the main conduction mechanism is ascribed
to a recombination/generation process of carriers in the
depletion region of the p-n photodiode [49]. Therefore, the
observed rectifying behavior in Fig. 5(c) is directly related
to the p-n junction between the p-type Si substrate and the
n-type Te-hyperdoped Si layer.

Figure 5(d) depicts the temperature-dependent respon-
sivity as a function of photon energy. The Te-hyperdoped
Si p-n photodiode shows a strong sub-band-gap respon-
sivity down to 0.3 eV in the whole temperature range.
At room temperature, the Te-hyperdoped Si p-n photo-
diode exhibits a responsivity of around 107* A W~! at
the two telecommunication optical wavelengths (1.3 and
1.5 um), whereas the responsivity at photon energies below
0.9 eV of a commercial Si-PIN photodiode reaches the
noise floor as expected. The measured responsivity of
10~ A W~! is comparable to those reported for hyper-
doped Si-based photodiodes [23] and solar cells [51] at the
corresponding wavelengths. Moreover, the external quan-
tum efficiency (EQE) at 1.3 and 1.5 um is 2 x 10™* and
8 x 1073, respectively, as estimated by

R, he R
EQE()) = % w2~ TA x (1240 W nm/A),  (2)
e

where R, is the spectral responsivity (i.e., the ratio of
the electrical output to the optical input.), A is the wave-
length in nm, /4 is the Planck constant, ¢ is the speed
of light in vacuum, and e is the elementary charge. The
estimated EQE values are comparable to other deep-level
impurity-hyperdoped-Si photodiodes [23,27].

Regarding the responsivity at different temperatures of
the Te-hyperdoped Si p-n photodiode, two ranges of tem-
peratures with different behaviors in terms of the line
shape and responsivity intensity can be identified. At high-
temperature range (300—180 K), the responsivity extends

024054-5



Annual Report 1IM 2018, HZDR-097

M. WANG et al.

55

PHYS. REV. APPLIED 10, 024054 (2018)

(a) Top view (b)

Cross section

wo |

Top electrode

Ti (50 nm)+Al (100 nm)

Te-hyperdoped Si (120 nm)

p-Si (~380 um )

Ti (50 nm)+Al (100 nm)

FIG. 5. (a) Top view and (b)
cross-sectional scheme of the Te-
2.0%-hyperdoped Si/p-Si photodi-
ode devices. (c) The dark current
as a function of applied bias volt-
age measured at room temperature.
The inset in Fig. 5(c) shows the
equivalent electrical circuit of the
experimental setup. (d) The spectral
responsivity measured at zero bias
(i.e. photovoltaic mode) for the Te-
hyperdoped Si photodiode and the
commercial Si PIN photodiode at
different temperatures. (e),(f) show
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down to approximately 0.55 eV, where the noise floor is
reached. However, at low-temperature range (160—60 K),
an additional broad photoresponse band spanning from
0.60 to 0.33 eV is clearly observed. These features allow
us to define a photoresponse band at high photon energies
Ey, that lies in the range of 0.55-0.65 eV and another one
at low photon energies £}, in the range of 0.30-0.40 eV.

To get insight into the optical transitions coming from
the Te-related intermediate band, a direct proportionality
between the photoresponsivity and the absorption coeffi-
cient at energies close to the optical-transition edges is
assumed. The sub-band-gap optical transitions can, there-
fore, be derived by the Tauc method using the following
modified expression:

Ron x hv = A(hv — E)", 3)

03 04 05 06 07 08 09 10
Photon energy (eV)

where hv is the photon energy, 4 is a constant, £, is the
Si band gap, and n would adopt the value of 2 for the
indirect optical transitions. A Tauc-type plot for both the
high-temperature and the low-temperature ranges at two
representative temperatures (viz. 300 and 120 K) is shown
in Figs. 5(e) and 5(f), respectively. The energy gap derived
from this plot is determined to be £y =0.57£0.01 eV
at 300 K and Ey =0.66+0.04 eV at 120 K. Alterna-
tively, a second absorption edge band is found to be
E;=0.3340.01 eV at 120 K. The slight differences
between the deduced Ey values at 300 and 120 K are
thought to be related to the temperature dependence of the
Si band gap.

Next, we record the device photocurrent as a function
of the input optical power at photon energies of 0.82 and
0.42 eV at 300 and 120 K, respectively (Fig. 6). The
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FIG. 6. Diode photocurrent vs input optical power with the cor-
responding linear fits at the photon energies of 0.82 and 0.42 eV
at 120 K and at 0.82 eV at 300 K.

photocurrent in response to the sub-band-gap illumination
at 300 and 120 K is found to scale linearly with the
input optical power in a log-log representation with a
slope of around 1. This suggests that the sub-band-gap
photoresponse mechanism of the Te-hyperdoped Si p-n
photodiodes is related to a single-photon-absorption pro-
cess mediated by the intermediate band rather than a two-
photon-absorption process. In addition, the possibility of
internal photoemission from the top electrode is discarded
by the proven ohmic character of the contacts.

IV. DISCUSSION

We discuss the origin of the sub-band-gap photore-
sponsivity at room and low temperatures from the Te-
hyperdoped Si p-n photodiodes. The results derived from
the analysis of the material properties in conjunction with
the spectral photoresponsivity at different temperatures are
consistent with the formation of a Te-related intermedi-
ate band in the upper half of the Si band gap. The Te
intermediate band facilitates the generation of charge car-
riers originated by the absorption process of photons with
energies lower than the Si band gap. For the sake of clar-
ity, Fig. 7 shows a sketch of the band diagram of the Te
intermediate band-based Si p-n photodiode with the differ-
ent involved processes in the sub-band-gap optoelectronic
photoresponse:

(i) In the high-temperature range (300-180 K), the
transition from the IB to the CB (process I), denoted as
E; =FEc-0.33 eV, takes place, but the ratio of thermal-
to-optical carrier generation is sufficiently high to screen
a measurable photocurrent arising from this transition.
In detail, an equilibrium conduction-band-electron con-
centration coming from the thermal-carrier generation as
high as 107 cm™3 can be estimated by the charge-carrier

p-type Si substrate
ce © O

5 N 090
EF by @ :1
TrTOTTIBT

n-type
Te-hyperdoped Si layer

FIG. 7. Band diagram of the Te intermediate-band-based Si p-
n photodiode. Te dopants introduce electron states (intermediate
band) of about 0.33 eV below the conduction band of Si. The
Te intermediate band facilitates the generation of charge carriers
that participate in the absorption of two or more sub-band-gap-
energy photons. The transition of IB to CB (process 1) takes
place at £ > E; while it is only measurable at low temperature
because almost no contribution from the thermal generation pro-
cess occurs. The transition of VB to IB (process II) occurs at
E>FEy.

statistics [49]. This, however, does not impede the occur-
rence of the transition from the valence band (VB) to
the IB (Process II), which is in accordance with the
kink in the room-temperature spectral photoresponsivity at
Ep =0.5740.01 ¢V as shown in Fig. 5(e).

(i) In the low-temperature range (160—60 K), the
thermal-carrier generation is then suppressed by the freeze-
out effect [52]. This leads to a ratio of thermal- to
optical-carrier generation low enough that it allows for a
measurable photoresponsivity band arising from the IB
to the CB (process 1) at £, =0.33+0.01 eV [Fig. 5(f)].
Likewise, the transition from the IB to the CB (process
I) gives rise to available states at the IB which are then
populated by electrons from the VB. This results in the
photoresponsivity band at £ = 0.66 4= 0.04 eV [Fig. 5()].
The observation of the two sub-band-gap optical transi-
tions (VB—IB and IB— CB) indicates that the IB is not
merged with the CB despite the high Te concentration.

While the high-quality hyperdoped-Si material platform
is established, further efforts must be made toward an
advanced-device design to boost the device efficiency of
this prototype of photodiode. This can be achieved by
designing a top electrode with narrower fingers and gaps
that help to enhance the carrier-collection efficiency. An
antireflection-coating layer in conjunction with a passiva-
tion layer might also help to improve the efficiency.

V. CONCLUSION

The possibility of generating photocarriers at room
temperature using sub-band-gap radiation in high-quality
single-crystal Si films doped with Te concentrations
greater than the thermal-solubility limit is established. The
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Te-hyperdoped Si films exhibit a broad optical absorp-
tance spanning from 1 to 13 um. A clear evolution
from the discrete energy levels to the formation of an
intermediate band as a function of Te concentration is
demonstrated. The extended infrared photoresponse of the
Te-hyperdoped Si p-n photodiodes is proven to be medi-
ated by an intermediate band within the upper half of
the Si band gap. The CMOS-compatible approach demon-
strated here provides a way to achieve room-temperature
sub-band-gap optoelectronic response in single-crystal Si-
based intermediate band materials.
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User facilities and services

lon Beam Center (IBC)

The lon Beam Center (IBC) at HZDR combines various machines (electrostatic accelerators, ion
implanters, low-energy and focused ion beam systems) into a unique facility used for ion beam
modification and ion beam analysis of materials. The available energy range spans from a few eV to
60 MeV with a respective interaction depth in solids between 0.1 nm to 10 um. In addition to standard
broad beams also focused (down to 1 nm) and highly-charged (charge state up to 45+) ion beams are
available. In combination with an allocated ion beam experiment, users can also profit from structural
analysis (electron microscopy and spectroscopy, X-ray scattering techniques) and sample or device
processing under clean-room conditions. At the 6 MV tandem accelerator, the IBC operates the DREAMS
(DREsden AMS = accelerator mass spectrometry) facility, which is used for the determination of long-lived
radionuclides, like 719Be, 26Al, 35Cl, 41Ca, 129, and others. A schematic overview of the IBC including the
description of the main beam lines and experimental stations is given on page 65 of this Annual Report. In
2018, about 13.400 beam time hours were delivered for about 340 users from 23 countries worldwide
performing experiments at IBC or using the capabilities for ion beam services.

IBC 2018

IBC. I10NBEAM FACILITIES STRUCTURAL ANALYSIS Beam Time Distribution

Facility operation: 16.300 h
User Beam Time: 13.400 h

lon implanters
Low-energy ions / plasma techniques Electrostatic accelerators

10° 10' 102 10° 104 10° 108 107 10% eV

External research External research Research
international national intern

External service
®

industry ® Machine time

[ Highly-chargedions / Focused ion beams / lon microprobe

The IBC has provided ion beam technology as a user and competence center for ion beam applications
for more than 30 years. With respect to user beam time hours, the IBC is internationally leading and has
been supported by numerous national and European grants and by industry.

The research activities cover both ion beam modification and ion beam analysis (IBA).

The operation of IBC is accompanied by a strong in-house research at the affiliated host “Institute of lon
Beam Physics and Materials Research”, both in experiment and theory. Furthermore, the IBC strongly
supports the commercial exploitation of ion beam technology of partners from industry, which is essential
for materials science applications. For ion beam services, the HZDR Innovation GmbH (spin-off of the
HZDR) — www.hzdr-innovation.de — provides a direct and fast access to the IBC facilities based on
individual contracts.

Recently, new ion beam tools and end-stations have been commissioned which will attract new users
by state-of-the-art experimental instrumentation. The basically upgraded ion microprobe station at the
3 MV machine is now in routine and user-friendly operation mode, delivering the possibility to use — in
parallel or sequentially — several IBA techniques with a spatial resolution of about 3 um. An ion


http://www.hzdr-innovation.de/
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microscope ORION NanoFab (He/Ne ions, 10 — 40 keV) provides unique possibilities for surface imaging,
nano-fabrication and, for the first time, elemental analysis based on ion beam analysis techniques. The
cluster tool at the 6 MV accelerator allows in situ deposition and analysis investigations at temperatures of
up to 800 °C. Recently, first instruments for the new low-energy ions nano-engineering laboratory have
been commissioned, including the installation of a 100 kV accelerator, a medium-energy ion scattering
(MEIS) setup und a new low-energy electron microscope (LEEM) aiming to study low-energy ion
interactions at surfaces.

IBC activities are efficiently integrated into various Helmholtz programmes within the research field
“Matter”, but also in the Helmholtz cross-programme activities “Mineral Resources”, “Materials Research
for Energy Technologies”, and “Helmholtz Energy Materials Foundry”. From 2013, the IBC has been
recognized as a large-scale facility within the “BMBF Verbundforschung” promoting long-term
collaborations with universities. In addition, from 2019 the IBC is coordinating the EU project RADIATE for

providing trans-national access to the largest ion beam centers in Europe (www.ionbeamcenters.eu).

Following the rules of a European and national user facility, access for scientific experiments to IBC is
provided on the basis of a proposal procedure (www.hzdr.de/IBC) via the common HZDR user facility
portal HZDR-GATE (gate.hzdr.de). Due to the availability of multiple machines and versatile instrumen-
tation, IBC proposals can be submitted continuously. The scientific quality of the proposals is evaluated
and ranked by an external international User Selection Panel. For successfully evaluated proposals, users
get free access to IBC facilities for their experiments. The use of the IBC facilities includes the scientific
and technical support during planning, execution and evaluation of the experiments. For AMS samples
preparation, two chemical laboratories are available.

For more detailed information, please contact Dr. Johannes von Borany (j.v.borany@hzdr.de) or
Dr. Stefan Facsko (s.facsko@hzdr.de) and visit the IBC webpage: www.hzdr.de/IBC.


https://www.ionbeamcenters.eu/
http://www.hzdr.de/IBC
https://gate.hzdr.de/
mailto:j.v.borany@hzdr.de
mailto:s.facsko@hzdr.de
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Free Electron Laser FELBE

FELBE is an acronym for the free-electron laser (FEL) at the Electron Linear accelerator with high
Brilliance and low Emittance (ELBE) located at the Helmholtz-Zentrum Dresden-Rossendorf. The heart of
ELBE is a superconducting linear accelerator operating in continuous-wave (cw) mode with a pulse
repetition rate of 13 MHz. The electron beam (40 MeV, 1 mA max.) is guided to several laboratories where
secondary beams (particle and electromagnetic) are generated. Two free-electron lasers (U37-FEL and
U100-FEL) produce intense, coherent electromagnetic radiation in the mid and far infrared, which is
tunable over a wide
wavelength range (5- undulator

250 um) by changing the mirror
electron energy or the IRbeam "" 'l =
undulator magnetic field.

The previous U27 undulator

has been replaced by the u
U37, in order to provide electron accelerator

mirror

electron beam

better coverage of the 20 —
35 um region. Main parameters of the infrared radiation produced by FELBE are as follows:

Wavelength A 5—-40 um FEL with undulator U37
18 — 250 pm FEL with undulator U100
Pulse energy 0.01-2 depends on wavelength
Pulse length 1-25ps depends on wavelength
Repetition rate 13 MHz 3 modes: * cw

* macropulsed (> 100 ps, < 25 Hz)
* single pulsed (Hz ... kHz)

The free electron laser is a user facility. Applications
for beam time can be submitted twice a year, typically by

April 15 and October 15. Users from EU countries are CA LI PSO pl us
u L] ] u

able to receive support through the HORIZON 2020

Integrated Infrastructure Initiative (13) CALIPSOplus

(Convenient Access to Light Sources Open to Innovation, Beamtime Distribution at ELBE 2018
Science and to the World) which started in May 2017.

4 NUC: Nuclear Physics i RAD: Radiation Physics
Typical applications are picosecond pump-probe =@ NEU: Neutron Physics LI FEL: Free Electron Laser
spectroscopy (also in combination with several other 4 POS: Positron Physics & ACC: Accelerator Physics
femtosecond lasers, which are synchronized to the FEL), ~ ®THz: Terahertz -/ MD: Machine Development

near-field microscopy, and nonlinear optics. The FELBE
facility also serves as a far-infrared source for
experiments at the Dresden High Magnetic Field
Laboratory (HLD) involving pulsed magnetic fields up to
70T.

The statistics shows that the FEL used 1090 hours
beam time of the ELBE accelerator. This corresponds to
20 % of total beam time, which is again distributed among
internal and external users.

For further information, please contact Prof. Manfred Helm (m.helm@hzdr.de) or visit the FELBE
webpage www.hzdr.de/FELBE.


mailto:m.helm@hzdr.de
http://www.hzdr.de/FELBE
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Experimental equipment

Accelerators, ion implanters and other ion processing tools

Van de Graaff Accelerator (VdG) 2 MV TuR Dresden, DE
Tandetron Accelerator (T1) 3 MV HVEE, NL
Tandetron Accelerator (T2) 6 MV HVEE, NL
Low-Energy lon Implanter 0.1 -40kV Danfysik, DK
High-Current lon Implanter 20 — 200 kV Danfysik, DK
High-Energy lon Implanter 20 - 500 kV HVEE, NL
Mass-Separated Focused lon Beam (FIB) 10 — 30 keV Orsay Physics, FR
(15 nm, variable ions) >10 A/lcm?
ORION NanoFab FIB Tool He, Ne ions, Carl Zeiss Microscopy,
(including GIS and Nanopatterning, RBS, SIMS) 10 - 35 kV, DE
Resolution <2 nm
Highly-Charged lon Facility 25eV-6keVxQ DREEBIT, DE;
Q=1...40 (Xe) PREVAC, PL
lon-Beam Sputtering 200 — 2000 V Home-built
UHV lon Irradiation (Ar, He, etc.) 0-5kV Cremer, DE; VG, USA

Scan 10 x 10 mm?2

lon beam analysis (IBA)

A wide variety of advanced IBA techniques are available at the MV accelerators (see figure).

RBS Rutherford Backscattering Spectrometry (Al), (A2), (5), (9), (11), (12) VdG, T1, T2, HIM
RBS/C RBS - Channelling (1), (11) VdG, T1
HR-RBS High-Resolution RBS (16) T1
ERDA Elastic Recoil Detection Analysis 2) T2
PIXE Particle-Induced X-ray Emission (A2), (4), (5), (12) VdG, T1, T2
PIGE Particle-Induced y Emission (5), (12) T1,T2
NRA Nuclear Reaction Analysis (1), (11), 12) T1, T2
NRRA Nuclear Resonance Reaction Analysis (1), (11), 12) T1, T2
NMP Nuclear Microprobe (12) T1
AMS Accelerator Mass Spectrometry (B2) T2

(focused to long-lived radionuclides: "Be, 1°Be, 26Al, 36Cl, 41Ca, 12°])

Some stations are equipped with additional process facilities enabling in-situ IBA investigations during
ion irradiation, sputtering, deposition, annealing, investigations at solid-liquid interfaces, etc.
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Cluster tool > MEIS
i ModiiCAton:— ) - ARBIYSIS = mrr—— STM-~~--PLD -~ LEEM-—-
Schematic overview of the HZDR lon Beam Center
Other particle-based analytical techniques
SEM Scanning Electron Microscope (S4800 I1) 1-30keV Hitachi, JP
+ EDX
TEM Transmission Electron Microscope 80 — 300 keV FEI, NL
(Titan 80-300 with Image Corrector) + EDX, EELS
TEM Transmission Electron Microscope 20 — 200 keV FEI, NL
(Talos F200X) + SuperX EDX
FIB/SEM Focused lon/Electron Cross Beam 0.5 - 30 keV Carl Zeiss
(NVision 40 with Elphy Plus Litho) + EDX, EBSD Microscopy, DE
AES Auger Electron Spectroscopy + XPS, EDX, CL Scienta Omicron,
DE
LEEM Low-Energy Electron Microscope 0eV—-4.5keV Elmitec, DE

(Spec-LEEM-II)

Resolution < 6 nm

+ AES
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Photon-based analytical techniques

XRD/XRR

SE
UV-Vis
FTIR

THz-TDS

Raman

PL
TRPL

EL

PR
PLE
OES

Magnetic thin film deposition and analysis

PLD
MFM
AFM/MFM

SQUID
MPSM

SQUID
VSM

Vector-
VSM

MOKE
MOKE
FR-MOKE
SKM

TR-MOKE
VNA-FMR

X-Ray Diffractometers

6-6 Powder D8

6-26 4-Circle D5005

0-6 4-Circle Empyrean

6-26 4+2-Circle SEIFERT XRD3003-HR

Spectroscopic Ellipsometry

Solid Spec 3700 DUV

Fourier-Transform Infrared Spectrometer
Ti:Sapphire Femtosecond Laser
Femtosecond Optical Parametric Osci.
Ti:Sapphire Femtosecond Amplifier
Femtosecond Optical Parametric Amplifier
Terahertz Time-Domain Spectroscopy
Raman Spectroscopy

In-situ Raman Spectroscopy
Photoluminescence (10 — 300 K)
Time-Resolved Photoluminescence

Electroluminescence

Optical Split-Coil Supercond. Magnet
Photomodulated Reflectivity
Photoluminescence Excitation
Optical Emission Spectroscopy

Pulsed Laser Deposition
Magnetic Force Microscope
Magnetic Force Microscope

Supercond. Quantum Interference Device
Vibrating Sample Magnetometer
Vibrating Sample Magnetometer

Magneto-Optic Kerr Effect (in-plane)
Magneto-Optic Kerr Effect (perpend.)
Frequency-Resolved Magneto-Optic KE
Scanning Kerr Microscope

Kerr Microscope

Time-Resolved MOKE (Pump-Probe)

Vector Network Analyzer Ferromagnetic
Resonance

Cu-Ka

250-1700 nm

190 — 3300 nm

50 — 15000 cm?
78 MHz

1 kHz, 250 kHz

0.1-4THz
> 45 cm?
> 100 cm?
300 — 1600 nm

t=3ps—-2ns
t>5ns

300 — 1600 nm
7T

300 — 1600 nm

300 — 1600 nm

250 — 800 nm

~ 50 nm resol.
~ 50 nm resol.

+035T
+2T
+1.1T

50 GHz

Bruker, DE
Siemens, DE
PANalytical, NL
General Electric, US

Woollam, US
Shimadzu, JP

Bruker, DE

Spectra Physics, US
APE, DE

Coherent, US

Light Conversion, LT
Home-built
Jobin-Yvon-Horiba, FR
Jobin-Yvon-Horiba, FR
Jobin-Yvon-Horiba, FR

Hamamatsu Phot., JP
Stanford Research, US

Jobin-Yvon-Horiba, FR

Oxford Instr., UK
Jobin-Yvon-Horiba, FR
Jobin-Yvon-Horiba, FR
Jobin-Yvon-Horiba, FR

SURFACE, DE
VEECO,; DI, US

BRUKER ICON tool,
us

Quantum Design, US
Quantum Design, US
Quantum Design, US

Home-built
Home-built
Home-built
Home-built
Evico Magnetics, DE
Home-built

Agilent, DE;
Home-built



Annual Report [IM 2018, HZDR-097

67

Cryo-FMR

ME

MBLS

SKM

MT-50G

Variable-Temperature Ferromagnetic
Resonance

Magnetoellipsometer

Brillouin Light Scattering Microscope

Scanning Kerr Microscope with RF
Detection (Spectrum Analyzer)

High Frequency Magneto-Transport Setup

3-300K

+0.8 T, 532 nm
& 491 nm

+0.5T, 40 GHz

+15T,50GHz
250 ps

Other analytical and measuring techniques

STM/AFM
AFM
AFM

MPMS
MS

LP
HMS

MTD
RS
RMAG
GMAG
DLTS

IV/CV
IvV/CVv
IvV/CVv

\%

GC
ECW
FDA

IV / VNA

OSCI

IR-Cam
CM

FAS

UHV Scanning Probe Microscope (variable T)
Atomic Force Microscope (Contact, Tapping, Spreading)
Atomic Force Microscope (with c-AFM, SCM-Module)

Dektak Surface Profilometer
Micro Indenter/Scratch Tester

Mechanical Properties Measurement System — Stretcher

Mass Spectrometers (EQP-300, HPR-30)

Wear Tester (pin-on disc)
Automated Langmuir Probe

Hall Measurement System
Van-der-Pauw HMS Ecopia
Magneto-Transport Device
Sheet-Rho-Scanner

Redmag Tensormeter System
Greymag Tensormeter System
Deep Level Transient Spectroscopy

Photocapacitance (+1-V/G-V)
I-V and C-V Analyzer
I-V and C-V Semi-Automatic Prober

I-V Prober

Gas Chromatography (GC-2010)
Electrochemical workstation (CHI 760e)
Force-displacement analysis machine

I-V and VNA Prober for VHF, LCR and
frequency analysis measurements

4-channel real time oscilloscope

TruelR Thermal Imager
Confocal Microscope (Smartproof 5)

Fluidic Analytic Setup — microscope,
high speed camera, and fluidic pumps

2-400K,<9T
300 K& LNT,05T
300K, <3T

240-350K, 15T
300K, 0.7T

+ |-U/C-V
10 - 300 K, 1 MHz

250 — 2500 nm

-60 — 300 °C

4.2 - 600 K

20-120 MHz

1,5 GHz (BW),
5 GSa/s

-20 - 350 °C

405 nm LED,
z driveres. ~ 1 nm

2 GB 120 kfps,
5 modules

Attocube, DE;
Home-built

LOT, DE;
AMAC, US

Home-built

Home-built

Home-built

Omicron, DE
Bruker, US
Bruker, US
Bruker, US

Shimatsu, JP
Home-built
HIDEN, UK
Home-built

Impedans, IE

LakeShore, US
Bridge Technol., US
Home-built

AlIT, KR

Home-built
Home-built
PhysTech, DE

Home-built
Keithley, US

Suss, DE;
Keithley, US

LakeShore, Agilent,
us

Shimadzu, JP
CH instruments, US
Sauter, DE

Suss, DE; Cascade,
US; Keysight, US

Keysight, US

Keysight, US
Carl Zeiss, DE

Zeiss, DE; Photron,
US; Cetoni, DE



68

Experimental equipment

Deposition and processing techniques

Physical Deposition

Molecular Beam Epitaxy
Chemical Vapour Deposition

Atomic Layer Deposition
Dry Etching

Etching/Cleaning
Photolithography

Electron Beam Lithography

Thermal Treatment
Furnace

Sputtering DC/RF, Evaporation
Electron Beam Evaporation System
Thermal Evaporation

DC/RF magnetron sputter system, 4x 3”
+ 4x 2” magnetrons, substrate heating:
RT — 950 °C, up to 4” wafers

DC/RF magnetron sputter system, 6x 2”
confocal magnetrons, substrate heating:
RT — 650 °C, up to 3” wafers

High Power Impulse Magnetron Sputtering
[1I-V Semiconductors

Plasma Enhanced CVD:
a-Si, a-Ge, SiO2, SiON, SizN4

Al203, HfO2, SiO2

ICP-RIE: CF4, SFs, CsFs

RIBE, & 6”: Ar, CF4

Barrel reactor, & 4”: Oz, SFe

incl. Anisotropic Selective KOH Etching
Mask-Aligner MJB3, 2 um accur.; & 3”

Direct Laser Writer DWL 66FS, 2 um
accuracy, & 8"x8”

Laser Micro Writer ML, 10 um accuracy

Raith 150-TWO: & 6”, 10 nm resol.
e-Line Plus: @ 4”, 10 nm resol.
Room Temperature — 2000 °C

Rapid Thermal Annealing JETFIRST 100
Rapid Thermal Annealing AW 610
Flash-Lamp Units (0.5 — 20 ms)

Combined Flash Lamp Sputter Tool (Magnetron sputtering plus
flash lamp annealing 0.3 — 3 ms, up to 10 Hz)

RF Heating (Vacuum)

Laser Annealing (CW, 808 nm, 450 W)
Laser Annealing (30 ns pulse,10 Hz, 308 nm, 500 mJ)

CVD Tube furnace (RT— 1200 °C, three channel gas)
Vacuum oven (RT — 250 °C, Vacuum < 133 Pa)

Bonding Techniques

Cutting, Grinding, Polishing
TEM Sample Preparation

Disperse and mixer
Centrifuge

Ultrasonic Wire Bonding

Semi-automatic Wire-bonder:
Gold-ball and wedge-wedge bonding
Ultrasonic generator: 60 kHz, 140 kHz
Wire deformation control software

Plan View and Cross Section
incl. lon Milling Equipment

Mixer for pastes and emulsions
Max. 17850 rpm, -10 — 40 °C

Nordiko, UK
Leybold Optics, DE
Bal-Tec, LI
BESTEC, DE

AJA International, US

Melec, DE
Riber, FR
Oxford Instr., UK

Ultratech, US
Sentech, DE

Roth & Rau, DE
Diener electronic, DE

Suss, DE
Heidelberg Instr., DE

Durham Magneto Optics,
UK

Raith, DE
Raith, DE

InnoTherm, DE
JIPELEC, FR

Allwin21, USA
Home-built;FHR/DTF, DE
ROVAK GmbH, DE

JIPELEC, FR

LIMO, DE;
COHERENT, USA

NBD, CN
LAB-KITS, CN
Kulicke & Soffa, US
F & S Bondtec, AT

Buhler, DE
Gatan, US

IKA, DE
Thermo Scientific, US
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Doctoral training programme

International Helmholtz Research School NANONET

The Institute of lon Beam Physics and Materials Research is
coordinating the International Helmholtz Research School for
Nanoelectronic Networks (IHRS NANONET) supported by the Initiative
and Networking Fund of the Helmholtz Association. The project started
in October 2012. The total funding is 1.2 Mio. € for a period of 8 years.

The IHRS NANONET is an international, interdisciplinary and
thematically focused doctoral programme in the field of molecular
electronics. The research school aims at attracting and promoting
excellence by educating promising doctoral candidates with oo ﬁ "
backgrounds in physics, chemistry, materials science and electrical oK oo
engineering. During a period of three years, PhD candidates benefit from well-structured, comprehensive
training curricula and multiple mentorship, while performing cutting edge research projects within one of
the 15 NANONET research groups. The doctoral candidates have the unique opportunity to contribute to
the advancement of molecular electronics by developing strategies for the integration of single nano-sized
building blocks into large interconnected networks.

2 7 P s

The IHRS NANONET fosters not only professional qualification but also personal development by
equipping young graduates with competencies for successful careers in a wide variety of positions in
academia and industry. The NANONET Annual Workshop 2018 was conducted at the hotel Augustusberg
in Bad Gottleuba and was attended by 35 participants of 15 nationalities. Three senior students concluded
their PhD degrees in 2018: Congratulations to Dr. Jeffrey Kelling (TU Chemnitz), Dr. Florian Glinther and
Dr. Eunhye Baek (both TU Dresden).

The consortium e
- Helmholtz-Zentrum Dresden-Rossendorf (HZDR)

- Technische Universitat (TU) Dresden —— [ f]

- Leibniz Institute of Polymer Research (IPF) Dresden Wi ¢ s Ensscis Ipr e

- Fraunhofer Institute for Ceramic Technologies and e
Systems (IKTS) Dresden

- Nanoelectronic Materials Laboratory (NaMLab) A®mM
gGmbH Dresden

Z Fraunhofer

IXTS

For further information, please contact the NANONET coordinator, Dr. Peter Zahn (nanonet@hzdr.de),
or visit the IHRS NANONET website: www.hzdr.de/nanonet.


http://www.hzdr.de/db/Cms?pNid=2880
http://www.hzdr.de/db/Cms?pNid=2880
http://www.hzdr.de/db/Cms?pNid=2881
mailto:nanonet@hzdr.de
http://www.hzdr.de/nanonet
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Publications

Publications in journals

1. Bayrak, T.; Helmi, S.; Ye, J.; Kauert, D.; Kelling, J.; Schénherr, T.; Weichelt, R.; Erbe, A.; Seidel, R.
DNA-Mold Templated Assembly of Conductive Gold Nanowires
Nano Letters 18, 2116 (2018)

2. Cafion Bermudez, G.S.; Fuchs, H.; Bischoff, L.; Fassbender, J.; Makarov, D.
Electronic-skin compasses for geomagnetic field driven artificial magnetoreception and
interactive electronics
Nature Electronics 1, 589 (2018)

3. Ehrler, J.; He, M.; Shugaev, M.V.; Polushkin, N.I.; Wintz, S.; Liersch, V.; Cornelius, S.; Hubner,
R.; Potzger, K.; Lindner, J.; Fassbender, J.; Unal, A.A.; Valencia, S.; Kronast, F.; Zhigilei, L.V.;
Bali, R.
Laser-Rewriteable Ferromagnetism at Thin-Film Surfaces
ACS Applied Materials and Interfaces 10, 15232 (2018)

4. Kretschmer, S.; Maslov, M.; Ghaderzadeh, S.; Ghorbani-Asl, M.; Hlawacek, G.;
Krasheninnikov, A.V.
Supported Two-Dimensional Materials under lon Irradiation: The Substrate Governs
Defect Production
ACS Applied Materials and Interfaces 10, 30827 (2018)

5. Singh, A.; Pashkin, A.; Winnerl, S.; Helm, M.; Schneider, H.
Gapless broadband terahertz emission from a germanium photoconductive emitter
ACS Photonics 5, 2718 (2018)

6. Wang, M.; Berencén, Y.; Garcia-Hemme, E.; Prucnal, S.; Hiibner, R.; Yuan, Y.; Xu, C.;
Rebohle, L.; Bottger, R.; Heller, R.; Schneider, H.; Skorupa, W.; Helm, M.; Zhou, S.
Extended Infrared Photoresponse in Te-Hyperdoped Si at Room Temperature
Physical Review Applied 10, 024054 (2018)

7. Al Motasem, A.T.; Posselt, M.; Bergstrém, J.
Nanoindentation and nanoscratching of a ferrite/austenite iron bi-crystal: An atomistic
study
Tribology International 127, 231 (2018)

8.  Anisimov, A.N.; Soltamov, V.A.; Breev, |.D.; Babunts, R.A.; Mokhov, E.N.; Astakhov, G.V.;
Dyakonov, V.; Yakovlev, D.R.; Suter, D.; Baranov, P.G.
All-optical guantum thermometry based on spin-level cross-relaxation and multicenter
entanglement under ambient conditions in SiC
AIP Advances 8, 085304 (2018)

9. Bai, X.; Shuai, Y.; Gong, C.; Wu, C.; Luo, W.; Béttger, R.; Zhou, S.; Zhang, W.
Surface modifications of crystal-ion-sliced LiNbO3 thin films by low energy ion
irradiations
Applied Surface Science 434, 669 (2018)

10. Bakaev, A.; Terentyev, D.; Chang, Z.; Posselt, M.; Olsson, P.; Zhurkin, E.E.
Effect of isotropic stress on dislocation bias factor in bcc iron: an atomistic study
Philosophical Magazine 98, 54 (2018)

11. Barthen, R.; Karimzadeh, L.; Grundig, M.; Grenzer, J.; Lippold, H.; Franke, K.;
Lippmann-Pipke, J.
Glutamic acid leaching of synthetic covellite — A model system combining experimental
data and geochemical modeling
Chemosphere 196, 368 (2018)
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Bayrak, T.; Jagtap, N.S.; Erbe, A.
Review of the electrical characterization of metallic nanowires on DNA templates
International Journal of Molecular Sciences 19, 3019 (2018)

Benad, A.; Jurries, F.; Vetter, B.; Klemmed, B.; Hubner, R.; Leyens, C.; Eychmiller, A.
Mechanical Properties of Metal Oxide Aerogels
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Wang, X.; Baraban, L.; Nguyen, A.; Ge, J.; R. Misko, V.; Tempere, J.; Nori, F.; Formanek, P.;
Huang, T.; Cuniberti, G.; Fassbender, J.; Makarov, D.

High-Motility Visible Light-Driven Ag/AgCl Janus Micromotors

Small 14, 1803613 (2018)

Wang, X.; Baraban, L.; R. Misko, V.; Nori, F.; Huang, T.; Cuniberti, G.; Fassbender, J.; Makarov,
D.

Visible Light Actuated Efficient Exclusion Between Plasmonic Ag/AgCIl Micromotors and
Passive Beads

Small 14, 1802537 (2018)

Wang, X.; Posselt, M.; FaBbender, J.
Influence of substitutional atoms on the diffusion of oxygen in dilute iron alloys
Physical Review B 98, 064103 (2018)

Wawro, A.; Kurant, Z.; Jakubowski, M.; Tekielak, M.; Pietruczik, A.; Bottger, R.; Maziewski, A.
Magnetic Properties of Coupled Co/Mo/Co Structures Tailored by lon Irradiation
Physical Review Applied 9, 014029 (2018)

Wenisch, R.; Lungwitz, F.; Hanf, D.; Heller, R.; Zscharschuch, J.; Hubner, R.; von Borany, J.;
Abrasonis, G.; Gemming, S.; Escobar Galindo, R.; Krause, M.

Cluster tool for in situ processing and comprehensive characterization of thin films at
high temperatures

Analytical Chemistry 90, 7837 (2018)

Wilhelm, R.; Gruber, E.; Schwestka, J.; Heller, R.; Facsko, S.; Aumayr, F.
Neutralization Dynamics of Slow Highly Charged lons in 2D Materials
Applied Sciences 8, 1050 (2018)

Wolf, D.; Hubner, R.; Niermann, T.; Sturm, S.; Prete, P.; Lovergine, N.; Blchner, B.; Lubk, A.
Three-Dimensional Composition and Electric Potential Mapping of IlI-V Core—Multishell
Nanowires by Correlative STEM and Holographic Tomography

Nano Letters 18, 4777 (2018)

Wolff, A.; Klingner, N.; Thompson, W.; Zhou, Y.; Lin, J.; Peng, Y.Y.; Ramshaw, J.A.M.; Xiao, Y.
Modelling of focused ion beam induced increases in sample temperature: a case study of
heat damage in biological samples

Journal of Microscopy 272, 47 (2018)

Withrich, L.; Garcia Morabito, E.; Zech, J.; Trauerstein, M.; Veit, H.; Gnagi, C.; Merchel, S.;
Scharf, A.; Rugel, G.; Christl, M.; Zech, R.

10Be surface exposure dating of the last deglaciation in the Aare Valley, Switzerland
Swiss Journal of Geosciences 111, 295 (2018)

Xie, Y.; Yuan, Y.; Wang, M.; Xu, C.; Hubner, R.; Grenzer, J.; Zeng, Y.; Helm, M.; Zhou, S.;
Prucnal, S.

Epitaxial MnsGe3(100) layer on Ge(100) substrates obtained by flash lamp annealing
Applied Physics Letters 113, 222401 (2018)

Xu, C.; Yuan, Y.; Wang, M.; Hentschel, H.; Béttger, R.; Helm, M.; Zhou, S.
P-type co-doping effect of (Ga,Mn)P: Magnetic and magneto-transport properties
Journal of Magnetism and Magnetic Materials 459, 102 (2018)

Xu, X.; Prifer, T.; Wolf, D.; Engelmann, H.-J.; Bischoff, L.; Hibner, R.; Heinig, K.-H.; Méller, W.;
Facsko, S.; von Borany, J.; Hlawacek, G.

Site-controlled formation of single Si nanocrystals in a buried SiO, matrix using ion beam
mixing

Beilstein Journal of Nanotechnology 9, 2883 (2018)

Yershov, K.V.; Kravchuk, V.P.; Sheka, D.D.; Pylypovskyi, O.V.; Makarov, D.; Gaididei, Y.
Geometry-induced motion of magnetic domain walls in curved nanostripes

Physical Review B 98, 060409 (2018)



Annual Report [IM 2018, HZDR-097 85

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Yin, G.; Zhu, D.; Lv, D.; Zhang, Z.; Hashemi, A.; Krasheninnikov, A.V.; Komsa, H.-P.; Jin, C.
Hydrogen-assisted Post-growth Doping of Tellurium into Molybdenum Disulfide
Monolayers with Tunable Compositions

Nanotechnology 29, 145603 (2018)

Yuan, Y.; Amarouche, T.; Xu, C.; Rushforth, A.; Boettger, R.; Edmonds, K.; Campion, R.;
Gallagher, B.; Helm, M.; von Bardeleben, H.; Zhou, S.Q.

Switching the uniaxial magnetic anisotropy by ion irradiation induced compensation
Journal of Physics D: Applied Physics 51, 145001 (2018)

Yuan, Y.; Hubner, R.; Birowska, M.; Xu, C.; Wang, M.; Prucnal, S.; Jakiela, R.; Potzger, K.;
Bottger, R.; Facsko, S.; Majewski, J.A.; Helm, M.; Sawicki, M.; Zhou, S.; Dietl, T.
Nematicity of correlated systems driven by anisotropic chemical phase separation
Physical Review Materials 2, 114601 (2018)

Yuan, Y.; Wang, M.; Xu, C.; Hibner, R.; Bottger, R.; Jakiela, R.; Helm, M.; Sawicki, M.; Zhou, S.
Electronic phase separation in insulating (Ga, Mn) As with low compensation: super-
paramagnetism and hopping conduction

Journal of Physics: Condensed Matter 30, 095801 (2018)

Zhai, Z.-H.; Chen, S.-C.; Du, L.-H.; Zhong, S.-C.; Huang, W.; Li, Z.-R.; Schneider, H.; Shi, Q.;
Zhu, L.-G.

Giant impact of self-photothermal on light-induced ultrafast insulator-to-metal transition
in VO, nanofilms at terahertz frequency

Optics Express 26, 28051 (2018)

Zhai, Z.-H.; Zhu, H.-F.; Shi, Q.; Chen, S.-C.; Li, J.; Li, Z.-R.; Schneider, H.; Zhu, L.-G.
Enhanced photoresponses of an optically driven VO,-based terahertz wave modulator
near percolation threshold

Applied Physics Letters 113, 231104-1 (2018)

Zhang, N.; Hibner, R.; Wang, Y.; Zhang, E.; Zhou, Y.; Dong, S.; Wu, C.
Surface-Functionalized Mesoporous Nanoparticles as Heterogeneous Supports To
Transfer Bifunctional Catalysts into Organic Solvents for Tandem Catalysis

ACS Applied Nano Materials 1, 6378 (2018)

Zhang, X.; Li, Q.; Wang, M.; Zhang, Z.; Akhmadaliev, S.; Zhou, S.; Wu, Y.; Guo, B.
Defects in hydrogen implanted SiC
Nuclear Instruments and Methods in Physics Research B 436, 107 (2018)

Zhang, X.; Yuan, Q.; Gao, T.; Ren, Y.; Wu, H.; Huang, Q.; Zhao, J.; Wang, X.; Yuan, Y.; Xu, C.;
Hu, Y.; Dynes, J.J.; Zhou, J.; Zhou, S.; Liu, Y.; Song, B.

Transition from antiferromagnetic ground state to robust ferrimagnetic order with Curie
temperatures above 420 K in manganese-based antiperovskite-type structures

Journal of Materials Chemistry C 6, 13336 (2018)

Zhang, Z.T.; Dmytriieva, D.; Molatta, S.; Wosnitza, J.; Khim, S.; Gass, S.; Wolter, A.U.B.;
Wurmehl, S.; Grafe, H.-J.; Kiihne, H.

Increasing stripe-type fluctuations in AFe2As; (A = K, Rb, Cs) superconductors probed by
>As NMR spectroscopy

Physical Review B 97, 115110 (2018)

Zimmermann, M.; Gerhard-Meier, T.N.; Dirnberger, F.; Kakay, A.; Decker, M.; Wintz, S.; Finizio,
S.; Josten, E.; Raabe, J.; Kronseder, M.; Bougeard, D.; Lindner, J.; Back, C.H.

Origin and Manipulation of Stable Vortex Ground States in Permalloy Nanotubes

Nano Letters 18, 2828 (2018)
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Publications

Publications in conference proceedings

198.

199.

200.

201.

202.

203.

204.

205.

Anisimov, A.; Soltamov, V.; Baranov, P.; Astakhov, G.; Dyakonov, V.

Spin colour centres in SiC as a material platform for sensing and information processing
at ambient conditions

European Physical Journal Web of Conferences 190, 04001 (2018)

Bhowmick, S.; Das, D.; Asirvatham, J.; Khan, S.A.; Sen, D.; Hubner, R.; Kanjilal, D.; Kanjilal, A.
Study of thermoluminescence property of C*ion doped anodized alumina

in: IUAC Annual Report 2016-2017, New Delhi: Inter University Accelerator Centre, 2018, 148-
149

Gan'shina, E.A.; Golik, L.L.; Kun'kova, Z.E.; Zykov, G.S.; Bykov, I.V.; Rukovishnikov, A.l.; Yuan,
Y.; Bottger, R.; Zhou, S.

Magneto-optical spectroscopy of diluted magnetic semiconductors GaMnAs prepared by
ion implantation and further impulse laser annealing

Journal of Magnetism and Magnetic Materials 459, 141 (2018)

Schmidt, J.; Winnerl, S.; Dimakis, E.; Helm, M.; Schneider, H.

Dressing intersubband transitions at terahertz frequencies

43 International Conference on Infrared, Millimeter, and Terahertz Waves (IRMMW-THz), DOI:
10.1109/IRMMW-THz.2018.8510160 (2018)

Simon, M.; Trommer, J.; Liang, B.; Fischer, D.; Baldauf, T.; Khan, M.B.; Heinzig, A.; Knaut, M.;
Georgiev, Y.M.; Erbe, A.; Bartha, J.W.; Mikolajick, T.; Weber, W.M.

A wired-AND transistor: Polarity controllable FET with multiple inputs

76th Device Research Conference (DRC), DOI: 10.1109/DRC.2018.8442159 (2018)

Singh, A.; Pashkin, A.; Winnerl, S.; Helm, M.; Schneider, H.

Broadband Spectrum from a Photoconductive Emitter Spanning up to 13 THz

2018 43 International Conference on Infrared, Millimeter, and Terahertz Waves (IRMMW-THz),
DOI: 10.1109/IRMMW-THz.2018.8510016 (2018)

Smekhova, A.; La Torre, E.; Eggert, B.; Coster, B.; Szyjka, T.; Walecki, D.; Salamon, S.; Ollefs,
K.; Bali, R.; Lindner, J.; Rogalev, A.; Weschke, E.; Banerjee, R.; Sanyal, B.; Schmitz-Antoniak,
C.; Wende, H.

Peculiarities of Disorder-Induced Ferromagnetism Phenomena in Fe60AI40-films on a
local scale

2018 IEEE International Magnetic Conference (INTERMAG), DOI:
10.1109/INTMAG.2018.8508108 (2018)

Wagner, A.; Butterling, M.; Hirschmann, E.; Krause-Rehberg, R.; Liedke, M.O.; Potzger, K.
Positron Annihilation Studies using a Superconducting Electron LINAC
AIP Conference Proceedings 1970, 040003 (2018)
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Concluded scientific degrees

PhD theses

1.

Gunther, F.
Theoretical studies of structural and electronic properties of donor-acceptor polymers
TU Dresden, 05.07.2018

Kelling, J.

Efficient Parallel Monte-Carlo Simulations for Large-Scale Studies of Surface Growth
Processes

TU Chemnitz, 13.04.2018

Kdnig-Otto, J.
Ladungstragerdynamik in Graphen unterhalb der optischen Phononenenergie
TU Dresden, 29.03.2018

Kowalska, E.
Current-induced dynamics in hybrid geometry MgO-based spin-torque nano-oscillators
TU Dresden, 08.11.2018

Liu, F.
Hyperdoping Si with deep-level impurities by ion implantation and sub-second annealing
TU Dresden, 20.06.2018

Trinh, T. T.

The microscopic effects of transition metal based hydrogen storing and sensing thin
films

TU Dresden, 18.12.2018

Wagner, K.
Spin-wave generation and transport in magnetic microstructures
TU Dresden, 19.06.2018

Bachelor/Master/Diploma theses

1.

Bejarano, M.

Construction of a measurement instrument for magneto-optical and magneto-
thermoelectric characterization of magnetic spin textures in micro- and nanostructures
KU Leuven/TU Dresden (M.Sc.), 09/2018

Chava, P.

Fabrication and characterization of logic devices based on two-dimensional van der
Waals heterostructures

TU Dresden (M.Sc.), 23.04.2018

Helbig, M.
MEIS Detektorkalibrierung
TU Dresden (B.Sc.),12.09.2018

Jazavandi Ghamsari, S.
Fabrication and characterization of phosphorus doped germanium nanowires
Universitat Ulm (M.Sc.),18.10.2018

Koch, L.

Modification of antiferromagnetically coupled multilayer systems with perpendicular
anisotropy by He-ion irradiation

TU Chemnitz (M.Sc.), 22.06.2018
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Concluded scientific degrees

10.

11.

12.

Liersch, V.
Widerstandsmessungen an ionenbestrahlten FeAl Nanostrukturen
TU Dresden (M.Sc.), 31.01.2018

Neumann, M.
Numerische Simulation von drei magnetischen Janus-Partikeln
TU Chemnitz (M.Sc.), 06.08.2018

Oelschlagel, A.

Morphological modification of the ferromagnetic remanent state in cobalt/platinum
multilayer structures investigated by means of magnetic force microscopy

TU Dresden (B.Sc.), 21.09.2018

Ramasubramanian, L.
Vortex dynamics in disks with tailored magnetizations
TU Chemnitz (M.Sc.), 29.03.2018

Schultz de, R.
lon-induced surface nanostructures of germanium(001)
TU Dresden (M.Sc.), 02.10.2018

Shan, S.

Electronic properties of GaAs/InAlAs core/shell nanowires studied by optical-pump
terahertz-probe spectroscopy

KIT Karlsruhe (M.Sc.), 01.06.2018

Sheldon, R.
Optically induced anisotropy in doped graphene
University of Surrey, Guildford, UK (M.Sc.), 08.01.2018
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Awards and honors

1. Arora, Himani

PhD student in the department “Scaling Phenomena” and fellow of the International Research
School NanoNet received the First Prize of the cfAED Scientific Image Contest by the Cluster of
Excellence “Center for Advancing Electronics Dresden”.

Additionally, she won the Third Prize of the Science Slam at the Dresden Lange Nacht der
Wissenschaften with a presentation “2D or not 2D”, June 15, 2018.

2. Balaghi, Leila

PhD student in the group “Molecular Beam Epitaxy” of the department “Spectroscopy” received the
Third Prize of the cfAED Scientific Image Contest. The picture is shown on the title page of this
Annual Report.

3. Berencén, Yonder

Humboldt Fellow at the department “Semiconductor Materials” got the 15t Award in the Young
Scientist Contest for the Best Oral Presentation at the XII™ International Conference on lon
Implantation and other Applications of lons and Electrons (ION 2018), Kazimierz Dolny, Poland,
June 18 — 21, 2018.

4.  Canon Bermudez, Gilbert Santiago

PhD student in the department “Magnetism” received one of the 100 recognition prizes of the
national German competition "Ausgezeichnete Orte im Land der Ideen".

5. Deac, Alina

Head of the Helmholtz Young Investigator Research Group “Spintronics” of the “Magnetism”
department was awarded the Beller Lectureship for the 2018 APS March Meeting on "Ultrahigh
anisotropy Heusler alloys for THz spin-torque oscillators".
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Awards and honors

10.

11.

Hache, Toni

Master student in the department “Magnetism” received the Georg Simon Ohm Prize 2018 of the
Deutsche Physikalische Gesellschaft (DPG) “... for his outstanding Master’s thesis ‘Preparation and
Characterization of Spin-Hall Effect-based nano Microwave Oscillators’ within the course
Nanotechnology* at the Westsachsische Hochschule Zwickau. The prize was handed over at the
DPG Spring Meeting in Erlangen in March 2018.

In addition, he won a Poster Prize at the Summer School of the IEEE Magnetics Society 2018,
Universidad San Francisco de Quito, Ecuador, June 3 — 8, 2018 with his presentation “Injection
locking of constriction based spin-Hall nano-oscillators”.

Klingner, Nico; Heller, René

Scientists in the department “lon Beam Center” won the HZDR Innovation Award 2018 for their
development of a “Time-of-Flight Secondary lon Mass Spectrometer in a Helium lon Microscope”.

Krasheninnikov, Arkady

Head of the “Atomistic Simulations of Irradiation-induced Phenomena” group was announced as
Outstanding Referee 2018 by the American Physical Society (APS) and as Highly Cited
Researcher 2018 by Clarivate Analytics (Web of Science), Philadelphia, PA, USA.

Prucnal, Slawomir; Stober, Max

Scientist and PhD student of the department "Semiconductor Materials" received the 2" Prize of the
HZDR Innovation Competition 2018 for their project on “Silicon-Metal Electrodes for high Energy-
density secondary Batteries”.

Wang, Mao

PhD student of the department "Semiconductor Materials" received the Best Poster Prize at the 21
International Conference on lon Beam Modifications in Materials (IBMM2018), San Antonio, TX,
USA, June 24 — 29, 2018 for her presentation “Extended infrared photoresponse in Te-hyperdoped
Si at room-temperature”.

She also got the 3" prize of the Young Scientist Contest at the XII™ International Conference on lon
Implantation and other Applications of lons and Electrons (ION 2018), Kazimierz Dolny, Poland,
June 18 — 21, 2018.

Zschornak, Mathias

Former PhD student and collaborator of the department “Scaling Phenomena”, now at TU
Bergakademie Freiberg, won the Ninth Erwin-Felix-Lewy-Bertaut Prize of the European
Crystallographic Association (ECA) and the European Neutron Scattering Association (ENSA) at the
315t European Crystallographic Meeting in Oviedo, Spain, August 22 — 27, 2018.
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Invited conference contributions

10.

11.

12.

Astakhov, G.

Engineering and coherent control of defects in silicon carbide

25" Conference on Application of Accelerators in Research and Industry (CAARI-2018),
13.08.2018, Grapevine, USA

Astakhov, G.V.

Coherent control of spin qubit modes associated with defects in silicon carbide

Theo Murphy international scientific meeting. SiC quantum spintronics: towards quantum devices
in a technological material, 05.-06.11.2018, Buckinghamshire, UK

Astakhov, G.V.

Engineering of highly coherent spin centers in silicon carbide

3 International Conference on Metamaterials and Nanophotonics METANANO 2018, 16.-
21.09.2018, Sochi, Russia

Balaghi, L.; Bussone, G.; Grifone, R.; Hibner, R.; Grenzer, J.; Shan, S.; Fotev, |.; Pashkin, A.;
Ghorbani-Asl, M.; Krasheninnikov, A.; Schneider, H.; Helm, M.; Dimakis, E.

Changing the properties of GaAs via strain engineering in core/shell nanowires
Nanostructures for Photonics, 07.05.2018, Saint Petersburg, Russia

Deac, A.M.
Ultrahigh anisotropy Heusler alloys for THz spin-torque oscillators
APS March Meeting 2018, 05.03.2018, Los Angeles, USA

Erb, D.; Schlage, K.; Réhlsberger, R.; Facsko, S.

Nanostructure arrays via templated growth

NAP2018 - 8% International Conference on Nanomaterials: Applications & Properties,
09.-14.09.2018, Zatoka, Ukraine

Fowley, C.; Rode, K.; Lau, Y.C.; Thiyagarajah, N.; Betto, D.; Borisov, K.; Atcheson, G.; Kampert,
E.; Wang, Z.; Yuan, Y.; Zhou, S.; Lindner, J.; Stamenov, P.; Coey, J.M.D.; Deac, A.M.
Anomalous Hall effect in fully compensated half-metallic Mn,RuxGa thin films

Intermag 2018, 23.-27.04.2018, Singapore, Singapore

Grenzer, J.; Bahtz, C.; Rack, A.
Materials science: in-situ, in-operando, time-resolved
EPDIC16 — The 16" European Powder Diffraction Conference, 01.-04.07.2018, Edinburgh, UK

Hache, T.

Herstellung und Charakterisierung von Spin-Hall Effekt-basierten Nano-
Mikrowellenoszillatoren

DPG-Friihjahrstagung der Sektion Kondensierte Materie (SKM) gemeinsam mit der European
Physical Society (EPS-CMD), 11.-16.03.2018, TU Berlin, Deutschland

Heller, R.

Automated Target Model Determination from MEIS Spectra Utilizing an Evolutionary
Algorithm

oth International Workshop on High-Resolution Depth Profiling (HRDP-9), 25.-29.06.2018,
Uppsala, Sweden

Helm, M.

Operating three research infrastructures at one site: electrons & photons, ions, magnetic
fields

Conference on International Cooperation of Science Centers, 19.10.2018, Huairou, China

Helm, M.; Kénig-Otto, J.; Schmidt, J.; Dimakis, E.; Winnerl, S.; Schneider, H.
Nonlinear THz Spectroscopy of Two-Dimensional Systems

Frontiers of photonics, plasmonics and electronics with 2D nanosystems,
14.-20.07.2018, Erice, Italy
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13. Helm, M.; Kdnig-Otto, J.; Schmidt, J.; Dimakis, E.; Winnerl, S.; Schneider, H.
Nonlinear THz Spectroscopy of Two-Dimensional Systems
Advanced Electromagnetics Symposium (AES 2018), 24.06.-01.07.2018, Marseille, France
14. Hlawacek, G.; Facsko, S.; Bischoff, L.; Klingner, N.; Xu, X.; Serralta, E.; Ghaderzadeh, S.
HeFIB 2018: Helium and emerging focused ion beams
CAARI 2018 - The Conference on Application of Accelerators in Research and Industry,
13.-17.08.2018, Fort Worth, USA
15. Hlawacek, G.; Klingner, N.; Heller, R.; Veligura, V.; van Gastel, R.; Poelsema, B.; von Borany, J.;
Facsko, S.
Imaging and analytic possibilities in the Helium lon Microscope
Imaging 2020 Workshop, 06.04.2018, Sgnderborg, Denmark
16. Kelling, J.; Odor, G.; Weigel, M.; Gemming, S.
Efficient Correlation-Free Many-States Lattice Monte Carlo on GPUs
GPU Day 2018, 21.-22.06.2018, Budapest, Hungary
17. Klingner, N.; Heller, R.; Hlawacek, G.; Facsko, S.; von Borany, J.
High Resolution in 3 dimensions — TOF-SIMS in the Helium lon Microscope
9th International Workshop on High-Resolution Depth Profiling (HRDP 9), 25.-29.06.2018,
Uppsala, Sweden
18. Klingner, N.; Hlawacek, G.; Heller, R.; von Borany, J.; Facsko, S.
Time of Flight Backscatter and Secondary lon Spectrometry in a Helium lon Microscope
Microscopy and Microanalysis, 05.-09.08.2018, Baltimore, USA
19. Kosub, T.; Kopte, M.; Appel, P.; Shields, B.; Maletinsky, P.; Hiuibner, R.; Fassbender, J.; Schmidt,
0.G.; Makarov, D.
Purely Antiferromagnetic Magnetoelectric RAM
CIMTEC Ceramics Congress, 18.-22.06.2018, Perugia, Italien
20. Kosub, T.; Kopte, M.; Appel, P.; Shields, B.; Maletinsky, P.; Hibner, R.; Fassbender, J.; Schmidt,
0.G.; Makarov, D.
Purely Antiferromagnetic Magnetoelectric RAM
EMN Meeting, 16.-20.07.2018, Berlin, Deutschland
21. Krause, M.
Nanocomposite thin film research using ion beams and in situ techniques
Institutsseminar in der Veranstaltungsreihe - Doctorado en Nanociencia y Tecnologias de
Materiales, Facultad de Ciencias, 19.10.2018, Puerto Real, Cadiz, Spain
22. Krause, M.; Heras, |.; Lungwitz, F.; Wenisch, R.; Schumann, E.; Janke, D.; Guillén, E.; Munnik,
F.; Azkona, I.; Gemming, S.; Escobar-Galindo, R.
Design, validation and testing of new receiver coatings for concentrated solar power
5t European Conference in Nanofilms (ECNF), 20.-22.03.2018, Cranfield, UK
23. Liedke, M.O.; Butterling, M.; Quintana, A.; Menéndez, E.; Ehrler, J.; Bali, R.; Hirschmann, E.;
Sireus, V.; Nogués, J.; Sort, J.; Wagner, A.
Vacancy-mediated magnetic phase-transitions
18" International Conference on Positron Annihilation (ICPA-18), 19.08.2018, Orlando, USA
24. MaclLaren, I.; Nord, M.; Conner, S.; McGrouther, D.; Allen, C.S.; Danaie, M.; Kirkland, A.l.; Bali,
R.; Hlawacek, G.; Lindner, J.; FalBbender, J.
Imaging Structure and Magnetisation in New Ways Using 4D STEM
Microscopy & Microanalysis 2018 Meeting, 05.-09.08.2018, Baltimore MD, USA
25. Makarov, D.
Shapeable magnetoelectronics with sensitivities to geomagnetic fields and below
2018 International Workshop on Nanomembrane Origami Technology, 10.-11.11.2018,
Shanghai, China
26. Makarov, D.

Intelligent materials and devices
Advancing Science through International Cooperation: Forum of the Ukrainian Research
Diaspora, 20.-22.10.2018, Kyiv, Ukraine
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27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Makarov, D.

Spintronics of thin film granular antiferromagnets

International Workshop on Magneto-Electric Actuation, Magneto-lonics and Related Phenomena
in High-Surface Area Materials, 28.-30.05.2018, Gava-Barcelona, Spain

Makarov, D.

Magnetic smart skins for augmented reality

18t International Conference on Experimental Mechanics (ICEM 2018), 01.-05.07.2018,
Brussels, Belgium

Makarov, D.

Magnetic Functionalities for Flexible Interactive Electronics

6" International Conference on Superconductivity and Magnetism, 29.04.-04.05.2018, Antalya,
Turkey

Makarov, D.

Spintronics with thin film magnetoelectric antiferromagnets

2018 Gordon Research Conference on Multiferroic and Magnetoelectric Materials: Effects in
Multiferroics Beyond the Coupling of Magnetic and Electric Order, 05.-10.08.2018, Lewiston,
Maine, USA

Makarov, D.

Exchange-driven chiral effects in curvilinear magnetism: theoretical abstraction or
experimental observable?

Workshop ,Topological Phenomena in Quantum Materials®, 04.-05.12.2018, Dresden, Germany

Makarov, D.

Spintronics with magnetoelectric antiferromagnetic thin films

2018 International Colloguium on Magnetic Films and Surfaces (ICMFS), 22.-27.07.2018, Santa
Cruz, USA

Makarov, D.
From curvilinear magnetism to shapeable magnetoelectronics (plenary)
XIV International Conference on Applied Physics and Electronics, 24.-26.10.2018, Kyiv, Ukraine

Makarov, D.
Spintronics of thin film granular antiferromagnets
Joint European Magnetic Symposia (JEMS) 2018, 03.-07.09.2018, Mainz, Germany

Rebohle, L.; Skorupa, W.; Prucnal, S.; Berencén, Y.; Zhou, S.; Helm, M.
Advanced thermal processing of group-1V materials and beyond
European Materials Research Society Spring Meeting 2018, 18.-22.06.2018, Strasbourg, France

Schneider, H.

Nonlinear THz spectroscopy of graphene and GaAs quantum wells using a free-electron
laser

The 9t International Symposium on Ultrafast Phenomena and Terahertz Waves (ISUPTW 2018),
23.-26.04.2018, Changsha, China

Schneider, H.

Nonlinear THz spectroscopy of graphene and GaAs quantum wells using a free-electron
laser

International Conference on Synchrotron and free electron laser radiation: generation and
application (SFR-2018), Budker Institute of Nuclear Physics, 25.-28.06.2018, Novosibirsk,
Russia

Schultheiss, H.
Magnon Transport in Spin Textures
Luscher Seminar, 08.02.2018, Klosters, Switzerland

Schultheiss, H.
Magnon Transport in Spin Textures
Spin Mechanics 5 and Nano MRI 6 workshop, 16.02.2018, Chamonix, Switzerland

Schultheiss, H.
Magnon Transport in Spin Textures
Nano-Magnonics Workshop, 20.02.2018, Kaiserslautern, Germany
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41. Schultheiss, H.
Magnon Transport in Spin Textures
International Conference on Microwave Magnetics, 25.06.2018, Exeter, UK
42. Schultheiss, H.
Magnon Transport in Spin Textures
Workshop on Advances in Brillouin Light Scattering, 13.09.2018, Perugia, Italy
43. Schultheiss, H.
Magnon Transport in Spin Textures
International Advanced School on Magnonics, 20.09.2018, Kyiv, Ukraine
44. Schultheiss, K.; Verba, R.; Wehrmann, F.; Wagner, K.; Kérber, L.; Hula, T.; Hache, T.; Kakay, A.;
Awad, A.A.; Tiberkevich, V.; Slavin, A.N.; Fassbender, J.; Schultheiss, H.
Excitation of whispering gallery magnons in a magnetic vortex
International Conference on Magnetism (InterMag), 19.07.2018, San Francisco, USA
45. Semisalova, A.; Stienen, S.; Barton, C.W.; Boettger, R.; Bali, R.; Thomson, T.; Farle, M.;
Fassbender, J.; Potzger, K.; Lindner, J.
Ferromagnetic resonance in FeRh thin films near the antiferromagnetic-ferromagnetic
phase transition
International School-Conference Spinus 2018, 01.-06.04.2018, Saint Petersburg, Russia
46. Skorupa, W.
Halbleitertechnik im Osten der Republik
Workshop anlasslich des 60. Jahrestages des Instituts fur Halbleitertechnik an der Universitat
Stuttgart, 01.08.2018, Stuttgart, Germany
47. Wagner, A.; Butterling, M.; Hirschmann, E.; Krause-Rehberg, R.; Liedke, M.O.; Potzger, K.
Positron Studies with a Superconducting Electron Accelerator
18% International Conference on Positron Annihilation, 18.-24.08.2018, Orlando, FL, USA
48. Wilhelm, R.A.; Creutzburg, S.; Schwestka, J.; Gruber, E.; Kozubek, R.; Lehnert, T.; Leiter, R.;
Heller, R.; Krasheninnikov, A.; Facsko, S.; Kaiser, U.; Kotakoski, J.; Schleberger, M.; Aumayr, F.
Charge exchange and energy loss of slow highly charged ions transmitted through 2D
materials
IBMM 2018 - International Conference on lon Beam Madification of Materials, 24.-29.06.2018,
San Antonio, TX, USA
49.  Wilhelm, R.A.; Gruber, E.; Schwestka, J.; Kozubek, R.; Madeira, T.l.; Marques, J.P.; Kobus, J.;
Krasheninnikov, A.V.; Schleberger, M.; Aumayr, F.
Interatomic coulombic decay - the mechanism for rapid deexcitation of hollow atoms
19t International Conferences on the Physics of Highly Charged lons (HCI 2018),
02.-07.09.2018, Lissboa, Portugal
50. Winnerl, S.
Unusual Coulomb effects in graphene
Tianjin International Symposium on Epigraphene (TISEG), 22.-27.07.2018, Tianjin, China
51. Winnerl, S.; Kénig-Otto, J.C.; Mittendorff, M.; Pashkin, A.; Venanzi, T.; Schneider, H.; Helm, M.
Low-energy carrier dynamics in graphene and other 2D materials
18" International Conference on Laser Optics (ICLO 2018), 04.-08.06.2018, St. Petersburg,
Russia
52. Wintz, S.
Topological spin textures as spin-wave emitters
DPG-Friihjahrstagung der Sektion Kondensierte Materie, 11.-16.03.2018, Berlin, Germany
53. Wintz, S.
Topological spin textures as spin-wave emitters
IEEE Nanomaterials: Applications and Properties, 09.-14.09.2018, Zatoka, Ukraine
54. Zhou, S.

lon implantation + sub-second annealing: a route towards hyperdoped semiconductors
International Conference on Radiation and Emission in Materials, 20.-23.11.2018, Chiang Mai,
Thailand
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55.  Zhou, S.
Defect induced magnetism in SiC

International Workshop: Functionality of Oxide Interfaces, 26.02.-02.03.2018, Frauenw®érth,
Germany
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Conferences, workshops, colloquia and seminars

Organization of conferences and workshops

1.

Bittencourt, C.; Ewels, C.; Facsko, S.; Krasheninnikov, A.
Conference on Physics of Defects in Solids: Quantum Mechanics Meets Topology
09. — 13.07.2018, ICTP, Trieste, Italy

Cuniberti, G.; Gemming, S.; Lehner, W.

DCMS Materials 4.0 Summer School: Deep Materials — Perspectives on Data-driven
Materials Research

10. — 14.09.2018, Dresden, Germany

Erbe, A.; Zahn, P.
NANONET Annual Workshop 2018
05. - 07.09.2018, Augustusberg/Bad Gottleuba, Germany

Heine, T.; Kuc, A.; Springer, M.; Kempt, R.; Ghorbani-Asl, M.; Brumme, T.; Zhechkov, L.
Flatlands beyond Graphene
03. - 07.09.2018, Leipzig, Germany

Hlawacek, G.; Wirtz, T.; Ovchinnikova, O.; Ogawa, S.
2" International HeFIB Conference on Helium and Emerging Focused lon Beams
11.-13.06.2018, Dresden, Germany

Inkson, B.; Hlawacek, G.; Pilling, R.

1st International Meeting of the PicoFIB Network & PicoFIB Workshop Advances in Gas-
lon Microscopy

31.01.2018, Dresden, Germany

Colloquia

1.

Fery, A.

Leibniz-Institut fir Polymerforschung, Dresden, Germany

Colloidal surface assemblies: Nanotechnology meets bioinspiration
31.05.2018

Flatau, A. B.

University of Maryland, College Park, USA

Structural magnetostrictive alloys: From flexible sensors to energy harvesters and
magnetically controlled auxetics

14.06.2018

Inoue, M.

Toyohashi University of Technology, Japan

Magnetic phase interference in artificial magnetic lattices - Functions and applications to
optical, high-frequency, and spin wave devices

09.10.2018

McCord, J.

Institute for Materials Science, Kiel University, Germany
Thin films magnetism as seen by magneto-optics
27.09.2018

Schumacher, H. W.

Physikalisch-Technische Bundesanstalt, Braunschweig, Germany

Single electron pumps for the redefinition of the Sl base unit Ampere
29.11.2018
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6.

Vyalikh, D.

Donostia International Physics Center (DIPC), San Sebastian, Spain

Photoemission insight into the strongly-correlated electrons and magnetism in 4f-
systems

06.09.2018

Zhang, X.

King Abdullah University of Science and Technology, Physical Science and Engineering, Thuwal,
Saudi Arabia

Observation of high temperature magnetic skyrmions

20.08.2018

Seminars

1.

Banyasz, I.

Department of Nuclear Materials Science, Wigner Research Centre for Physics, Budapest,
Hungary

Design, fabrication and characterisation of ion implanted and irradiated optical elements
and devices for application in telecommunication and sensors

24.08.2018

Bhatnagar, A.

AG Light for high-voltage photovoltaics, ZIK SiLi-nano, Halle/Saale, Germany
Photoelectronic processes in multiferroic oxides

03.05.2018

Bossini, D.

Experimentelle Physik VI, TU Dortmund, Germany

Femtosecond manipulation of magnets via photoinduced magnons at the edges of the
Brillouin Zone

05.03.2018

Cosic, M.

Vinca Institute of Nuclear Sciences, Belgrade, Serbia
Investigation of graphene by proton rainbow scattering
10.10.2018

Dam, B.

TU Delft, The Netherlands

Materials research for a sustainable economy
18.12.2018

Fu, R.

Northumbria University, Newcastle upon Tyne, United Kingdom
Thin film based smart materials and MEMS

30.05.2018

Gongalves, F. J. T.

Osaka Prefecture University and Center for Chiral Science, Hiroshima University, Japan
Collective excitations in the spin soliton lattice of a chiral helimagnet

17.12.2018

Gottschall, T.

Dresden High Magnetic Field Laboratory/HZDR, Dresden, Germany
On the magnetocaloric properties of Heusler compounds
14.02.2018

Gruszecki, P.

Faculty of Physics, Adam Mickiewicz University Poznan, Poland
Graded index magnonics and magnonic metasurfaces
26.02.2018
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10. Herfort, J.
Paul-Drude-Institut Berlin, Germany
Epitaxial ferromagnetic Heusler alloy/semiconductor hybrid structures for spintronic
application
13.12.2018
11. Herklotz, A.
Institute for Physics, Martin-Luther-University Halle-Wittenberg, Halle/Saale, Germany
Strain doping: A new avenue for understanding and controlling materials
19.04.2018
12. Hiller, D.
Australian National University, Canberra, Australia
From un-dopable silicon nanocrystals to passivating carrier-selective contacts for silicon
solar cells
12.09.2018
13. lliopoulos, E.
Department of Physics, University of Crete, Greece
[lI-Nitride semiconductors' perspectives: from solar cells to nanoelectronics
19.09.2018
14. Jarrahi, M.
Electrical and Computer Engineering, University of California, Los Angeles, USA
Plasmonic terahertz devices and systems
31.08.2018
15, Kézsmaérki, I.
Experimental Physics V, Center for Electronic Correlations and Magnetism, University of
Augsburg, Germany
Skyrmions and antiskyrmions in crystals with axial symmetry
11.04.2018
16. Kirchner, R.
Institut fir Halbleiter- und Mikrosystemtechnik, TU Dresden, Germany
Using material contrast and self-optimizing processes for 3D patterning
24.01.2018
17. Kunze, T.
Fraunhofer-Institut fir Werkstoff- und Strahltechnik IWS, Dresden, Germany
High-speed surface functionalization employing direct laser interference patterning —
From small scales to big influences
22.03.2018
18. Kusminskiy, S. V.
Max Planck Institute for the Science of Light, Erlangen, Germany
Non-linear dynamics and magnetic textures in cavity optomagnonics
12.04.2018
19. Ling,F.C.C.
Department of Physics, The University of Hong Kong
Defects in the multi-functional material ZnO: Characterization and functionality
07.09.2018
20. Lue, C.S.
Department of Physics, National Cheng Kung University, Tainan, Taiwan
Recent progress in the growth of single crystalline intermetallic compounds in National
Cheng Kung University
23.07.2018
21. Meinert, M.

Zentrum flr spinelektronische Materialien und Bauelemente, Fakultat fur Physik der Universitéat
Bielefeld, Germany

Key role of thermal activation in the electrical switching of antiferromagnetic Mn,Au and
CuMnAs

08.08.2018
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22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Nadarajan, R.

Department of Physics, Pondicherry University, Puducherry, India

High temperature stability of BaZrOs: An ab initio thermodynamic study
06.03.2018

Neek-Amal, M.

University of Antwerp, Belgium, and Shahid Rajaee Teacher Training University, Tehran, Iran
Transport of hydrogen isotopes through interlayer spacing in van der Waals crystals
23.08.2018

Ney, A.

Abteilung fur Festkérperphysik, JKU Linz, Austria

Time-resolved X-ray detected ferromagnetic resonance with spatial resolution using
scanning X-ray transmission microscopy

22.06.2018

Ohshima, T.

National Institutes for Quantum and Radiological Science and Technology (QST), Chiba, Japan
Particle irradiation for creation of spin qubits in wide bandgap semiconductors
16.07.2018

Pan, A.

College of Physics and Microelectronics Science, Hunan University, China

Band-gap engineering and photonics in low dimensional semiconductor structures
15.08.2018

Pelekanos, N. T.

Materials Science and Technology Department, University of Crete, and IESL/FORTH,
Heraklion, Greece

Highly uniform GaAs nanowires for photovoltaic applications

23.01.2018

Popok, V.

The Faculty of Engineering and Science, Department of Materials and Production, Physics and
Mechanics, Aalborg University, Denmark

2-DEG formation at AlGaN-GaN interfaces

10.09.2018

Sadovnikov, A. V.

Department of Electronics, Oscillations and Waves, Saratov State University, Russia
Brillouin light scattering of spin-wave transport in magnonic structures based on
microsized YIG films

23.10.2018

Salikhov, R.

University of Duisburg-Essen, Faculty of Physics and Center for Nanointegration (CENIDE),
Duisburg, Germany

A new class of inherently nanolaminated magnetic materials: magnetic MAX phases
11.09.2018

Silvani, R.

Dipartimento di Fisica, University of Perugia, Italy

Micromagnetic simulation of magnonic crystals consisting of L-shaped iron/permalloy
nanowires and thin Fe-N magnetic films with stripe domains

20.06.2018

Som, T.

Institute of Physics, Sachivalaya Marg, Bhubaneswar, India
Self-organized nanostructure formation by ion beams
28.05.2018

Sun, Y.

Max Planck Institute for Chemical Physics of Solids, Dresden, Germany
Surface Fermi arc states and bulk transport in Weyl semimetals
25.04.2018

99
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34. Yamazaki Y.
National Institutes for Quantum and Radiological Science and Technology (QST), Chiba, Japan
Electrical control of color centers introduced in SiC diodes by proton beam writing
16.07.2018

35. Yang, C.
Felix-Bloch-Institut flir Festkdrperphysik, Universitat Leipzig, Germany
Copper iodide, a high-performance p-type wide bandgap semiconductor
01.06.2018
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Exchange of researchers

Guests at our institute

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Arias, R.
Universidad de Chile, Santiago, Chile; 01.07. - 14.07.2018

Bezghuba, V.
Kyiv University, Ukraine; 22.01. - 28.01.2018

Boamah, D.

Kwame Nkrumah University of Science and Technology, Kumasi, Ghana; 01.06. - 31.08.2018

Bohovicova, J.
Bratislava University of Technology, Slovakia; 01.09. - 30.11.2018

Chepkasov, I.

Khakas State University, Abakan, Russia; 01.10.2018 - 31.03.2019
Dhagat, P.

Oregon State University, USA; 01.04. - 30.06.2018

Drozdziel, A.

University Lublin, Poland; 10.04. - 19.04.2018

El-Said, A. S.

Mansoura University, Egypt; 12.01. - 20.01.; 25.06. - 01.07.2018
French, R. H.

Case Western Reserve University, USA; 08.09. - 15.09.2018
Huang, X.

Nanjing University, P. R. China; 25.08.2017 - 24.08.2018
lastremskyi, 1.

Kyiv University, Ukraine; 19.07. - 24.08.2018

Klause, R.

Indianapolis, USA; 14.05. - 12.08.2018

Kononenko, D.
Kyiv University, Ukraine; 25.10. - 03.11.2018

Kordyuk, A.

Institute for Metal Physics, Kyiv, Ukraine; 22.01. - 31.01.2018

Liu, C.

Harbin Institute of Technology, P. R. China; 12.09.2017 - 11.09.2018
Ma, L.

Shandong University, P. R. China; 28.09.2018 - 27.09.2019
Méndez, A.

Nano4Energy SL, Spain; 03.04 .- 21.12.2018

Mesko, M.

Bratislava University of Technology, Slovakia; 12.08. - 24.08.2018
Mutlay, Z. G.

Ankara, Turkey; 01.07. - 31.08.2018

Nadarajan, R.
University Pondicherry, India; 09.01. - 31.03.2018

Pedroso, D.

Instituto Tecnologico de Aeronautica, Sao Jose dos Campos, Brazil; 01.08.2017 - 31.07.2018
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22. Pelekanos, N.
University of Crete, Greece; 14.01. - 27.01.2018

23. Pereira, P.
Pontificia Universidade Catélica do Rio de Janeiro, Brazil; 01.03.2018 - 31.05.2019

24.  Pylypovskyi, O.
Kyiv University, Ukraine; 10.06. - 04.09.2018

25. Pyszniak, K.
University Lublin, Poland; 10.04. - 19.04.2018

26. Sheka, D.
Kyiv University, Ukraine; 04. - 26.02.; 01. - 23.07.; 05. - 27.08.; 25.10. - 03.11.2018
27. Som,T.

Institute of Physics, Bhubaneswar, India; 06.05. - 06.06.2018

28. Tiessen, C.
University of Ottawa, Canada; 15.05. - 27.07.2018

29. Tsai, H.-S.
National Tsing Hua University, Hsinchu, Taiwan; 15.03. - 31.12.2018

30. Zhang, X.
Harbin Institute of Technology, P. R. China; 15.03.2017 - 14.03.2018

31. Zheng, C.
Shanghai, P. R. China; 16.07. - 31.12.2018
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Projects

The projects are listed by funding institution and project starting date. In addition, the institute has
several bilateral service collaborations with industrial partners and research institutions. These
activities are not included in the following overview.

European Projects

1.

01/2015 - 12/2018 European Union
FRIENDS? — Engineering of New Durable Solar Surfaces
Prof. S. Gemming Phone: 0351 260 2470 s.gemming@hzdr.de

02/2016 — 01/2020 European Union
IONS4SET - Single Electron Transistor
Dr. J. v. Borany Phone: 0351 260 3378 j-v.borany@hzdr.de

01/2017 — 12/2020 European Union
TRANSPIRE -Terahertz Radio Communication
Dr. A. Deac Phone: 0351 260 3709 a.deac@hzdr.de

01/2017 — 12/2020 European Union
NnpSCOPE — Nanoparticle Characterization
Dr. G. Hlawacek Phone: 0351 260 3409 g.hlawacek@hzdr.de

05/2017 — 04/2021 European Union
CALIPSOplus — Coordinated Access to Lightsources
Prof. M. Helm Phone: 0351 260 2260 m.helm@hzdr.de

09/2017 — 02/2019 European Union
Analytics — All-electrical analytic platform for digital fluidics
Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de

Helmholtz Association Projects

1.

10/2012 - 12/2020 Helmholtz-Gemeinschaft
NANONET — International Helmholtz Research School on Nanoelectronics
Dr. A. Erbe Phone: 0351 260 2366 a.erbe@hzdr.de

01/2013 - 12/2019 Helmholtz-Gemeinschaft
W3-Professorship TU Chemnitz
Prof. S. Gemming Phone: 0351 260 2470 s.gemming@hzdr.de

01/2014 - 12/2018 Helmholtz-Gemeinschaft
Spintronics — Helmholtz Young Investigator Group
Dr. AM. Deac Phone: 0351 260 3709 a.deac@hzdr.de

11/2014 - 12/2019 Helmholtz-Gemeinschaft
Magnetism — HGF Postdoc Dr. K. Schulthei3
Prof. J. Fassbhender  Phone: 0351 260 3096 j-fassbender@hzdr.de

05/2016 — 08/2019 Helmholtz-Gemeinschaft
THz Spectroscopy — HGF Postdoc Dr. A. Singh
Prof. M. Helm Phone: 0351 260 2260 m.helm@hzdr.de

10/2017 — 08/2020 Helmholtz-Gemeinschaft
Helmholtz Exzellenznetzwerk — cfaed 2 + 3
Dr. A. Erbe Phone: 0351 260 2366 a.erbe@hzdr.de

EU

EU

EU

EU

EU

EU

HGF

HGF

HGF

HGF

HGF

HGF
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7. 10/2017 - 02/2020 Helmholtz-Gemeinschaft HGF
Helmholtz ERC Recognition Award
Dr. H. Schultheif3 Phone: 0351 260 3243 h.schultheiss@hzdr.de

8. 11/2017 - 01/2019 Helmholtz-Gemeinschaft HGF
Helmholtz Exzellenznetzwerk — DCM-MatDNA 2
Prof. S. Gemming Phone: 0351 260 2470 s.gemming@hzdr.de

9. 01/2018 - 09/2018 Helmholtz-Gemeinschaft HGF
Coordination EU Project RADIATE
Prof. J. Fassbender  Phone: 0351 260 3096 j-fassbender@hzdr.de

German Science Foundation Projects

1. 01/2013 -10/2019 Deutsche Forschungsgemeinschaft DFG
Cluster of Excellence — Center for Advancing Electronics Dresden (cfaed)
Prof. M. Helm Phone: 0351 260 2260 m.helm@hzdr.de

2. 05/2014 - 03/2020 Deutsche Forschungsgemeinschaft DFG
Emmy Noether Junior Research Group — Magnonics
Dr. H. Schultheif3 Phone: 0351 260 3243 h.schultheiss@hzdr.de

3. 11/2014 - 10/2018 Deutsche Forschungsgemeinschaft DFG
Thermal spin-transfer torques
Dr. J. Lindner Phone: 0351 260 3221 jlindner@hzdr.de
Dr. A. M. Deac Phone: 0351 260 3709 a.deac@hzdr.de

4. 11/2014 - 12/2018 Deutsche Forschungsgemeinschaft DFG
All Optical Switching
Dr. H. Schultheif3 Phone: 0351 260 3243 h.schultheiss@hzdr.de

5. 10/2015 - 09/2018 Deutsche Forschungsgemeinschaft DFG
Ferromagnetic Silicon
Dr. S. Zhou Phone: 0351 260 2484 s.zhou@hzdr.de

6. 03/2017 - 08/2020 Deutsche Forschungsgemeinschaft DFG
MUMAGI — Disorder induced magnetism
Dr. R. Bali Phone: 0351 260 2919 r.bali@hzdr.de

7. 07/2017 - 06/2020 Deutsche Forschungsgemeinschaft DFG
HELEX2D - Interaction of highly charged ions with 2D materials
Dr. R. Wilhelm Phone: 0351 260 3378 r.wilhelm@hzdr.de

8. 08/2017 —07/2020 Deutsche Forschungsgemeinschaft DFG
FlexCom — Magnetic field sensitive flexible communication system
Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de

9. 09/2017 - 08/2020 Deutsche Forschungsgemeinschaft DFG
Lane Formation
Dr. A. Erbe Phone: 0351 260 2366 a.erbe@hzdr.de

10. 11/2017 — 10/2020 Deutsche Forschungsgemeinschaft DFG
ULTRACRITICAL - High-temperature superconductors
Dr. A. Pashkin Phone: 0351 260 3287 o.pashkin@hzdr.de

11. 04/2018 - 03/2021 Deutsche Forschungsgemeinschaft DFG
Confined Microswimmers
Dr. A. Erbe Phone: 0351 260 2366 a.erbe@hzdr.de

12. 04/2018 - 03/2021 Deutsche Forschungsgemeinschaft DFG

IMASTE - Graphene encapsulated quasi-2D materials
Dr. A. Krasheninnikov Phone: 0351 260 3148 a.krasheninnikov@hzdr.de
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13.

14.

15.

06/2018 — 06/2018 Deutsche Forschungsgemeinschaft DFG
Conference HeFIB 2018

Dr. G. Hlawacek Phone: 0351 260 3409 g.hlawacek@hzdr.de

10/2018 — 09/2020 Deutsche Forschungsgemeinschaft DFG
Doping by ALD and FLA

Dr. L. Rebohle Phone: 0351 260 3368 l.rebohle@hzdr.de

10/2018 — 09/2020 Deutsche Forschungsgemeinschaft DFG
Magnetic Landscapes — Spin Dynamics

Dr. A. Semisalova Phone: 0203 37 92474 anna.semisalova@uni-due.de

Federally and Saxony State Funded Projects

1.

10.

01/2014 - 06/2018 Bundesministerium fir Bildung und Forschung BMBF
In-situ TEM

Prof. J. Fassbender  Phone: 0351 260 3096 j.fassbender@hzdr.de

02/2016 — 12/2018 Sachsische Aufbaubank SAB
PolCarr-Sens — Electrically Polarizable Materials

Dr. S. Hartmann Phone: 0351 260 2710 stefanie.hartmann@hzdr.de

01/2017 — 06/2018 Bundesministerium fur Bildung und Forschung BMBF
Elemental analytics with the Helium lon Microscope

Dr. R. Heller Phone: 0351 260 3096 r.heller@hzdr.de

01/2017 - 03/2019 Bundesministerium fur Bildung und Forschung BMBF
German-Ukrainian Center for Large Scale Experiment

Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de

08/2017 —11/2019 Sachsische Aufbaubank SAB
PlatMOS - Atmospheric plasma treatment for corrosion suppression at organ pipes

Dr. W.Skorupa Phone: 0351 260 3612 w.skorupa@hzdr.de

09/2017 — 08/2019 Sachsische Aufbaubank SAB
SiNergy — Si based battery electrodes

Dr. S. Prucnal Phone: 0351 260 2065 s.prucnal@hzdr.de

10/2017 — 03/2019 Bundesministerium fur Bildung und Forschung BMBF
Resistance-Tensormeter

Dr. T. Kosub Phone: 0351 260 2900 t.kosub@hzdr.de

11/2017 — 12/2019 Arbeitsgemeinschaft industrielle Forschung AiF
Liquid metal ion source

Dr. L. Bischoff Phone: 0351 260 2866 l.bischoff@hzdr.de

01/2018 — 12/2019 DECHEMA e.V. DECHEMA
High temperature oxidation resistance for nickel-based alloys by fluorine implantation

Dr. W.Skorupa Phone: 0351 260 3612 w.skorupa@hzdr.de

11/2018 — 10/2020 Bundesministerium fir Bildung und Forschung BMBF

Metal-germanium interface: Schottky barrier and ohmic contacts
Dr. S. Prucnal Phone: 0351 260 2065 s.prucnal@hzdr.de
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Personnel Exchange Projects and Society Chairs

1. 06/2016 — 05/2019 Alexander-von-Humboldt-Stiftung AvH
Humboldt fellowship Dr. Berencen
Dr. L. Rebohle Phone: 0351 260 3368 l.rebohle@hzdr.de

2. 05/2017 — 12/2018 Institute of Electrical and Electronics Engineers IEEE
Magnetics Society German Chapter Chair
Dr. H. Schultheil® Phone: 0351 260 3243 h.schultheiss@hzdr.de

3. 06/2017 — 06/2020 Alexander-von-Humboldt-Stiftung AvH
Humboldt fellowship Prof. Sheka
Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de

4. 04/2018 — 03/2020 Deutscher Akademischer Austauschdienst DAAD
ULTIMAT - Superlattices of ultra-thin InyGai.xN/GaN quantum wells
Dr. E. Dimakis Phone: 0351 260 2765 e.dimakis@hzdr.de

5. 06/2018 — 09/2017 Deutscher Akademischer Austauschdienst DAAD
Visit Dr. PylypovsKkyi
Dr. J. Lindner Phone: 0351 260 3221 jlindner@hzdr.de

6. 09/2018 —11/2018 Deutscher Akademischer Austauschdienst DAAD
Visit Dr. Bohovicova
Dr. M. Krause Phone: 0351 260 3578 matthias.krause@hzdr.de

7. 09/2018 — 08/2019 Deutscher Akademischer Austauschdienst DAAD

Leonhard Euler Grant: Curvature induced effects in nanowires
Dr. D. Makarov Phone: 0351 260 3273 d.makarov@hzdr.de
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Organization chart

Institute of lon Beam Physics and Materials Resear

Prof. Dr. Jirgen FalRbender Prof. Dr. Manfred Helm

lon Beam Center
Dr. Johannes von Borany

lon Technology
ohannes von Borany

lon Beam/
Structure Analysis
Dr. Stefan Facsko

lon Induced
Nanostructures
Dr. Stefan Facsko

Process Technology
and Devices
Dr. Artur Erbe

Atomistic Simulations
of Irradiation Induced
Phenomena
Dr. Arkady Krasheninnikov

Fundamentals and
Simulation
Dr. Matthias Posselt

Magnetism
Dr. Jirgen Lindner

Interface Magnetism
Dr. Kay Potzger

Magnetization Dynamics

HZDR
Junior Research Group

Dr. Kilian Lenz

Spintronics
Helmholtz
Young Investigator Group

Dr. Alina Deac

Magnonics

Emmy Noether
Junior Research Group

Dr. Helmut Schulthei

Intelligent Materials
and Devices
Dr. Denys Makarov

Magnetic Functional
Materials
Prof. Dr. Olav Hellwig

Scaling Phenomena
Prof. Dr. Sibylle Gemming

Non-equilibrium
Thermodynamics
Prof. Dr. Sibylle Gemming

Nanocomposite
\ECHES
Dr. Matthias Krause

Transport Phenomena
in Nanostructures
Dr. Artur Erbe

Spectroscopy
Dr. Harald Schneider

Spectroscopy
Dr. Harald Schneider

Semiconductor
Materials

Dr. Shenggiang Zhou

Semiconductor
Materials
Dr. Shenggiang Zhou

Quantum materials and
technology

Dr. Georgy Astakhov

International Helmholtz Research School for Nanoelectronic Networks (IHRS NANONET)

Speaker: Dr. Artur Erbe | Teaching Director: Dr. Peter Zahn
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List of personnel 2018

DIRECTORS OFFICE

S. Gebel, S. Kirch

Prof. Dr. M. Helm, Prof. Dr. J. FaRBbender

SCIENTIFIC STAFF

Permanent staff

Non-permanent

Dr. C. Akhmadaliev Dr. S. Winnerl Dr. R. Bali Dr. E. Kowalska

Dr. G. Astakhov Dr. P. Zahn Dr. Y. Berencén (P) Dr. M. Lenz (P)

Dr. L. Bischoff Dr. S. Zhou D. Blaschke (P) Dr. M. Liebsch

Dr. J. von Borany Dr. R. Bottger Dr. A. Lindner (P)

Dr. E. Dimakis Dr. A. Deac Dr. D. Makarov

Dr. A. Erbe Dr. A. Eichler-Volf Prof. Dr. W. Mdller (P)
Dr. S. Facsko Dr. H.-J. Engelmann (P) Dr. I. M6nch (P)

Prof. Dr. S. Gemming
Dr. J. Grenzer

Dr. D. Erb
Dr. L. Fallarino (P)

Dr. M. Neubert (P)
Dr. N. Nishida (P)

Dr. V. Heera Dr. C. Fowley Dr. J. Osten (P)

Dr. R. Heller Dr. A. Froideval (P) Dr. W. Pilz (P)

Dr. R. Hubner Dr. J. Ge (P) Dr. A. Quade (P)

Dr. A. Krasheninnikov Dr. M. Ghorbani Asl Dr. R. Rana

Dr. M. Krause Dr. M. Grobosch (P) Dr. H. Schultheil3 (P)
Dr. K. Lenz Dr. K.-H. Heinig (P) Dr. K. Schultheil3 (P)
Dr. J. Lindner Prof. Dr. O. Hellwig (P) Dr. A. Semisalova
Dr. F. Munnik Dr. G. Hlawacek Dr. A. Singh (P)

Dr. A. Pashkin Dr. R. llling Dr. W. Skorupa (P)
Dr. M. Posselt Dr. J. Julin Dr. S. Stienen (P)
Dr. K. Potzger Dr. A. Kakay (P) Dr. O. Volkov (P)

Dr. S. Prucnal R. Kaltofen (P) Dr. C. Wagner (P)
Dr. L. Rebohle Dr. N. Klingner (P) Dr. K. Wagner (P)
Dr. H. Schneider T. Kéhler (P) Dr. K. Wiesenhutter (P)
Dr. M. Voelskow Dr. T. Kosub Dr. R. Wilhelm

(P) Projects
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TECHNICAL STAFF
Permanent staff Non-permanent
Rb. Aniol J. Kreher A. Schneider A. Berens
Rm. Aniol A. Kunz A. Scholz L. Ehm
E. Christalle H. Lange T. Schumann P. Freund
S. Eisenwinder U. Lucchesi I. Skorupa J. Heinze
B. Gebauer F. Ludewig M. Steinert U. Kentsch
Dr. Y. Georgiev R. Mester A. Thiel K. Lang
A. Gerner Dr. R. Narkovic K. Thiemig L. Ramasubramanian (P)
H. Gude C. Neisser J. Wagner T. Schénherr (P)
D. Hanf F. Nierobisch A. Weise T. Voitsekhivska (P)
J. Haufe T. Putzke A. Weillig
A. Henschke A. Reichel J. Winkelmann
H. Hilliges B. Scheumann L. Zimmermann
S. Klare G. Schnabel J. Zscharschuch
(P) Projects
PhD STUDENTS
Y. Alsaadawi A. Echresh S. Kretschmer A. Strobel
H. Arora J. Ehrler D. Lang T. Tauchnitz
A. W. Awan I. Fotev Zh. Li A. Titova
N. Baghban Khojasteh F. Fuchs Zi. Li M. Vallinayagam
L. Balaghi S. Ghaderzadeh Lokamani T. Venanzi
T. Bayrak T. Hache T. Prufer C. Wang
V. Begeza M. Hollenbach A. Schmeink M. Wang
M. Bejarano T. Hula T. Schneider X. Wang
J. Braun D. Janke A. Seidl Y. Wei
G.S. Canon Bermudez S. Jazavandi- E. Serralta Hurtado Y. Xie
H. Cansever Ghamsari Z. Shang C. Xu
P. Chava T. Joseph S. Sorokin X. Xu
S. Creutzburg M. B. Khan M. Stéber
J. Duan F. Kilibarda
STUDENTS (Diploma / MSc / BSc)
Z. Fekri L. Koch A. Rayhan Rasel R. Sheldon
M. Helbig V. Liersch W. Roscher S. Shakeel
M. Hoppe M. Neumann R. de Schultz R. Thomas
V. Kateel A. Oelschlagel S. Shan M. Welsch
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