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Director’s foreword

As the director of MFA, it is my pleasure to welcome the reader. | recommend browsing the
present yearbook which continues the series of the former ones and contains results achieved in
20109.

2019 was the year when the whole research network of the Academy of Sciences was moved
to a separate state owned network E6tvos Roland Research Network (ELKH). The good news is
that the structure of institutions was not changed. The bad news is that the salaries remained low
and less and less young people join our staff. The new office of the ELKH was set up and
created a new research strategy for the whole network with the active participation of the
institutions including us. ELKH also requested an increased budget for the network from the
state, which is promised by the second half of 2020 by our leaders.

As our institute is a member of World Materials Research Institute we were happy to organise
the 8th World Materials Research Institute Forum in Budapest in June 2019. The Forum covered
teh following key topics: Advanced Materials for Energy Production, Photovoltaic Materials,
Energy Storage Materials, Energy Harvesting Materials and Materials for Quantum Computing.
Thanks to the work of our Janos Volk and many other colleagues the Forum gave an opportunity
to meet researchers, industry and funding office leaders.

The International Workshop on Woman in Ceramic Science (WoCeram2019) was organised
in Budapest, April 7-9 2019 as well. Beside the scientific talks there was a round table discussion
on “Balance between carrier and family in the life of young researchers”. The main organiser of
the meeting was our Katalin Balazsi. In both meetings we enjoyed the great help of our Krisztina
Szakolczai.

It was an excellent idea of our Péter B. Barna to work on the old 16 mm movies taken some
decades ago on crystal growth of element in a transmission electron microscope. By now most of
the movies are available in a digital form with the appropriate text. People can now learn the
growth, melting and crystallization phenomena of indium, gold, germanium and other elements.

I congratulate to my colleagues: Jozsef Gyulai, who was awarded by the Middle Cross with
the Star of the Hungarian Order of Merit and Istvan Barsony, who was awarded by the Middle
Cross of the Hungarian Order of Merit. We were very happy to learn that our Vilmos Rakovics
received the Hungarian Golden Cross of Merit. Csaba Baldzsi the prestigious Gabor Dénes prize
and Jozsef Gyulai received the In Memoriam Gébor Dénes prize.

Then the younger staff of the institute was decorated also very well: Gabor Piszter was
awarded by the Junior Prize of the Academy, while Péter Nemes-Incze received the ELFT
(Roland E6tvos Physical Society) prize of Zoltan Gyulai for his outstanding results in solid state
physics.
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We are very proud of our PhD students (Racz Adél, Ben Zine Haroune, Pdsa Laszlo,
Leeldssyné Toth Eszter, Fodor Balint, Furkd6 Moénika, Oldh Nikolett, Saftics Andras) who were
supervised by colleagues at MFA and defended their thesis successfully in 2019 and got the PhD
degree from different universities.

We are also proud of the scientific results achieved by our colleagues, | hope you will enjoy
learning them in this book.

Here | note that the former MFA Yearbooks are available electronically at
http://www.mfa.kfki.hu/hu/yearbook.

Béla Pécz, D.Sc., Director


http://www.mfa.kfki.hu/hu/yearbook
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Organizational structure

Director: Dr. Béla Pécz, D.Sc.

Scientific Departments

Complex Systems Department Gyorgy SZABO, D.Sc.
Nanosensorics Laboratory Janos VOLK, Ph.D.

Nanostructures Department .
and "Lendiilet" group - 2D Materials Levente TAPASZTO, Ph.D.

Rébert HORVATH, Ph.D.

"Lendiilet" group - NanoBioSensorics

Directly supervised functions

Scientific secretary, projects and PR Krisztina SZAKOLCZALI, Ph.D.
Technical support Karoly BODNAR

Technicalsupport |
Gergely TAMAS
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Key Financial Figures of MFA

The turnover realised by the institute always reflect the national and international political and
financial system and also the efforts of the institute. The domestic subsidies did not change in the last few
years; however the overhead increased by approx. 30%. In recent years, there has also been a centrally
ordered salary rise for researchers, meanwhile the number of researchers dropped by third in the last 7-8
years.

The recent grants — apart from the fundamental research project — arise from industrial and application
driven ideas. Despite all the efforts of colleagues R&D grants require stable strong and research
motivated SMEs, which is hard to find in Hungary.

Since 2015 MFA is part of the Centre of Energy Research. The financial operation is only partly
transparent, therefore the data shown here for 2015-2019 for MFA are based upon our own estimates.
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Publications and Citations of MFA

According to the Thomson-Reuters ISI "Web of Knowledge", and MTMT2 databases, the Institute has an
average publication activity of ca. 100 scientific papers in IF journals a year. The number decreased a bit in the last
years, but recently MFA researchers publich in journals with higher impact factor.

MFA and its predecessor’s publications
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Prizes and Distinctions

Order of Merit of the Republic of Hungary

GYULAL Jozsef Commander's Cross with Star

Order of Merit of the Republic of Hungary

BARSONY, Istvin Commander's Cross

Order of Merit of the Republic of Hungary

RAKOVICS, Vilmos Golden Cross

BIRO, Lészlé Péter Ordinary member of the Hungarian Academy of Sciences

GYULALI, Jozsef Géabor Dénes Prize

BALAZSI, Csaba Gabor Dénes Prize

PISZTER, Gébor Young researcher award of the Hungarian Academy of Sciences
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PETER, Beatrix Young researcher award of the Centre for Energy Research

PISZTER, Gabor Young researcher award of the Centre for Energy Research

NEMES-INCZE, Péter ELFT Gyulai Zoltan prize

SZOLNOKI, Attila Web of Science Highly cited researcher — cross-field

RACZ, Adél Sarolta MFA prize (young researcher)

VANCSO, Péter MFA prize (postdoctoral)

FOGARASSY, Zsolt MFA prize (postdoctoral)
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President of Hungary Janos Ader awards Dr. Jézsef Gyulai with Order of Merit of the Republic of Hungary
Commander's Cross with Star - in recognition of his internationally outstanding scientific achievements in the field
of nanostructured semiconductor materials research, his work as a university professor helping the scientific
development of younger generations, and his significant scientific organizing activities

President of Hungary Janos Ader awards Dr. Istvan Bdrsony with Order of Merit of the Republic of Hungary
Commander's Cross - in recognition of his outstanding international work in the field of research and innovative
application of functional materials, as well as in recognition of his success in organizing the research field and in

educating the next generation of research engineers.
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The Young researcher award of the Hungarian Academy of Sciences award was presented by President LaszIo

Lovasz to Gabor Piszter for his work titled “Investigation and application of photonic nanoarchitectures in butterfly
scales”
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Important events in 2019

7

R e 2 V. ':/,, T I~
MFA Organized the World Materials Research Institutes Forum (WMRIF) Symposium and General Assembly (12-
17 June, 2019), chaired by Dr. Janos Volk. The event was held at the main building of the Hungarian Academy of

Sciences. The leaders of the materials research institutes also visited our laboratories.
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Internatlonal Workshop on Women in Ceramic Science (7-9 April, 2019) was organlzed and co-chaired by Dr.
Katalin Baldzsi and Dr. Csaba Balazsi.
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Girl’s day with almost 60 participants from the high schools was held in April 2019, and was organized by o
Dr. Katalin Balazsi

R TUDOMANYOS AKADEMIA

ENERGIATUDOMANYI
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MFA appeared with its own exhibition stand at the ELECTROSUB conference. Colleagues introduced the R&D
achievements on medical and automotive micro- and nanotechnology sensors field.
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Highlight of the year

Non-destructive evaluation (NDE) system for the inspection of operation-
induced material degradation in nuclear power plants

EU H2020 NFRP-2016-2017-1 -755330 ,, NOMAD”

A. Gasparics and G. Vértesy

The long-term operation (LTO) of existing nuclear power plants (NPPs) has already been accepted in
many countries as a strategic objective to ensure adequate supply of electricity over the coming decades.
In order to estimate the remaining useful lifetime of NPP components, LTO requires reliable tools. The
objective of NOMAD project is the development, demonstration and validation of a non-destructive
evaluation (NDE) tool for the local and volumetric characterization of the embrittlement in operational
reactor pressure vessels (RPVs). In order to address these objectives, the following steps should be taken:
Development and demonstration of an NDE tool for the characterization of RPV embrittlement;
Extension of the existing database of RPV material degradation by adding correlations of mechanical,
microstructural and NDE parameters; and application of the developed tool to Charpy geometry samples
and also to cladded material resembling the actual RPV inspection scenario.

The MFA contributes to the NOMAD project with own micromagnetic testing method: so called
Magnetic Adaptive Testing (MAT). MAT is a recently developed method for nondestructive
characterization of ferromagnetic materials, which is based on systematic measurement and evaluation of
minor magnetic hysteresis loops. This method is being tested and evaluated regarding its applicability for
the determination of the material changes and the variation of the material properties during exposure to
neutron irradiation. As shown in our several previous research activities, MAT provides more sensitivity
for material degradation than the major hysteresis loop and has an improved feature of measurement error
suppression. An additional significant advantage of this method is that there is no need for magnetic
saturation of the measured samples, which eases the practical application.

MAT measurements were performed on reactor steel material before and after neutron irradiation and
the nondestructively determined magnetic parameters were compared with the destructively measured
ductile-to-brittle transition temperature (DBTT) values. Standard Charpy specimens from 22NiMoCr37
type base and from 18MNDD5 type weld materials were measured. These steel grades are members of the
typical RPV steel groups: Mn-Ni-Mo steels (western RPV design). The samples were prepared, irradiated
and measured at the Belgian Nuclear Research Centre (SCK+*CEN). The samples were irradiated there in
the BR2 reactor at 260 °C temperature by E>1 MeV energy fast neutrons with total neutron fluence in the
range of 4.02x10" — 8.95x10" n/cm?. Since irradiated samples are radioactive, they can be measured only
in hot cell laboratories. A special sample holder was designed and built for this purpose. Charpy impact
testing (ASTM-23-16b) was used to determine the 41 Joule transition temperature (T,15). The transition
temperature shift (ADBTT) is the difference between the neutron irradiated T,;;and the as-received (base-
line) T41; which is a measure for the embrittlement of the material. In the following figures the correlation
between optimally chosen MAT descriptors and the transition temperature shift are shown for the two
types of Charpy specimens. MAT descriptors are normalized by the correspondig parameter of the
reference (not irradiated) sample. Those parameters were chosen from the calculated big datapool, which
characterize most sensitively and at the same time most reliable the material degradation (optimally
chosen MAT descriptors).
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Figure 1.1. Optimally chosen normalized MAT descriptor as a function of the transition temperature shift for a
22NiMoCr37 type base material and (right) for a 18MND5 type weld material, measured on Charpy samples.

A linear correlation was found between magnetic parameter and neutron fluence. About 30% increase
at 3% error level of the MAT descriptor was detected due to 6x10*° n/cm? neutron fluence in case of the
base material, compared with the not irradiated sample; and close to 40% increase at 5% error level due to
8.5x10" n/cm? neutron fluence in case of the weld material. The influence of neutron irradtion is
refleceted on the shift of transition temperature, as shown in Fig. 1.1. The linear fit on the measured
points is to lead the eye to reflects more visible the character of the correlation. It does not reflect a strict
mathematical fitting, because of the limited number of measured points.

In another series of experiments clad and underclad block specimens made of 15H2NMFA material
were measured. Blocks were cut from the forged ring as shown in Fig. 1.2. The size of blocks was
115mm x 50mm x 50mm. Cladding (7-10 mm thick) was on the top of the blocks. The clad surface of the
real pressure vessels is usually made by submerged strip welding (a special way of the submerged arc
welding) in three layers. The surface is either grinded, or roughly machined to provide coupling for the
ultrasonic testing. The samples were aged by thermal treatments using a special step cooling technology
(details are not given here) used for accelerated evaluation of thermal ageing sensitivity. The main
consideration at the selection of the thermal treatment was to produce similar microstructural changes of
which occurs at irradiation.

Two types of step cooling were performed, which resulted different material degradations controlled
by transition temperature determination. MAT measurements were performed on the clad and underclad
blocks. Both sides of the blocks were measured. Regular loops with large amplitude were experienced on
base (highly ferromagnetic) material. The situation is different on the top side, which is covered by
cladding. Cladding is an austenitic, almost paramagnetic material, which means practically a large air gap
between magnetizing yoke and ferromagnetic part of sample. Because of this a very weak magnetic signal
was found.



MFA Yearbook 2019

20

Clad block

Underclad block

Forgedring

Figure 1.2. Cutting of claded and uncladded blocks from forged ring.

The correlation between MAT parameters and transition temperature in case of blocks is shown in Fig.
1.3. Again excellent, almost perfect linear correlation was found between MAT parameters and transition
temperature even if the measurement is performed through the cladding.
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Figure 1.3. Correlation between normalized MAT parameters and transition temperature, measured directly on
base material (left) and on cladding (right).

An important and novel result of the present work is, that the ferromagnetic base material can be
inspected even through the relatively thick cladding, and the measurement through the cladding result the
same correlation between magnetic parameters and independent variable as obtained by direct
measurement of base material. This fact proves the unique applicability of MAT in nondestructive

inspection of degradation of nuclear pressure vessel material.

Another fact, worth of mentioning is, that the error of magnetic measurement is significantly lower
than the error of destructive Charpy measurement, which is clearly seen on the above graphs. So magnetic
measurement is not only non destructive, but — perhaps — it provides even more precise value about

material degradation, than Charpy impact test.
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Nanostructures Laboratory

Head: Dr. Levente TAPASZTO, Ph.D. research fellow

Research Staff: e Gabor Piszter, Ph.D.
e Zsolt Endre HORVATH, D.Sc, Deputy e Péter SULE, Ph.D
Head of Laboratory e Péter VANCSO, Ph.D.
e Prof. Laszlo Péter Bir6, Member of the HAS
e Gergely DOBRIK, PhD Ph.D. students:
e Krisztian KERTESZ, Ph.D e Péter KUN Ph.D. student
e Antal Adolf KOOS, Ph.D. e Andras PALINKAS, Ph.D. student
e Géza Istvan MARK, Ph.D. e Janos PETO, Ph.D. student
e Péter NEMES-INCZE, Ph.D. e Marton SZENDRO, Ph.D. student
e Zoltan OSVATH, Ph.D.

The research activity of the Nanostructures Laboratory is based on the two-decade-long expertise in
the synthesis, characterization and engineering of various nanostructures using scanning probe
microscopy as the main experimental technigue. Since more than a decade, our research efforts are
focused on the investigation of two-dimensional materials. Besides graphene, in the last couple of years,
novel 2D materials, mainly form the family of transition metal chalcogenides (TMC) have been intensely
studied. Recently, we have further extended our activity with the investigation of layered topological
insulator crystals. We have also successfully continued our research on bioinspired photonic
nanoarchitectures.

The most notable scientific achievement during 2019 was the publication of an invited perspective
article in ACS Energy Letters, on the potential of 2D transition metal chalcogenide crystals to provide an
efficient platform for realizing single atom catalysts. Notable distinctions have also been awarded to
members of the Nanostructures Department: Laszlé6 P Birdé has been elected as full member of the
Hungarian Academy of Sciences, as well as Fellow of Academia Europeea, Péter Nemes-Incze received
the Zoltan Gyulai prize of the Roland E6tvds Physical Society, and Gabor Piszter was awarded with the
Junior Prize of the Hungarian Academy of Sciences.



MFA Yearbook 2019 22

Transition metal chalcogenide single layers as an active platform for single-
atom catalysis

680263-NanoFab2D-ERC-2015-STG, LP2014-14 Lendiilet , LP2017-9 Lendiilet, OTKA KH130413,
VEKOP-2.3.2-16-2016-00011, Korea-Hungary Joint Laboratory

P. Vancso, Z. 1. Popov (MISiS), J. Pet6, T. Ollar, G. Dobrik, J. S. Pap,
C. Hwang (KRISS), P. Sorokin (MISiS), L. Tapaszto

Among the main appeals of single-atom catalysts are the ultimate efficiency of material utilization and
the well-defined nature of the active sites, holding the promise of rational catalyst design. A major
challenge is the stable decoration of various substrates with a high density of individually dispersed and
uniformly active monatomic sites. Transition metal chalcogenides (TMCs) are broadly investigated
catalysts, limited by the relative inertness of their pristine basal plane. In this work we proposed that TMC
single layers modified by substitutional heteroatoms can harvest the synergistic benefits of stably
anchored single-atom catalysts and activated TMC basal planes. These solid-solution TMC catalysts offer
advantages such as simple and versatile synthesis, unmatched active site density, and a stable and well-
defined single-atom active site chemical environment. Furthermore, 2D crystal substrates are highly
convenient, as they can be easily investigated by direct atomic resolution imaging techniques such as
high-resolution transmission electron microscopy or scanning tunneling microscopy (STM). Fig. 2.1
shows an example of resolving the individual heteroatom (oxygen) sites embedded into MoS, single layer
revealed by STM. The sample has been prepared by annealing the exfoliated single layer at 130°C in air
for a week.

T™MC

Electrode

e
chalcogenide atoms of 2D
transition metal chalcogenide crystals. (b) The practical realization of such structures evidenced by atomic
resolution STM images of oxygen-atom-doped MoS,. (c) Schematic model of the hydrogen evolution reaction in the
presence of the heteroatom.

In order to understand the potential mechanisms responsible for the increased catalytic activity of
heteroatoms incorporated by substitution in various TMC crystals (Fig. 1c), we performed DFT
calculations for different TMC single layers (2H— MoS,, MoSe,, MoTe,WS,, WSe,, WTe,) and
investigated the role of oxygen heteroatoms in catalyzing the hydrogen evolution reaction. We observed
several common properties related to the catalytic activity of the different TMC single layers.



MFA Yearbook 2019 23

T T T T T T T T T T 4 T T T T T T O|6
0.g | ~M=e charge
25} g " | =m=valence band position
/\- 1o 1
20 4 06|
e 104 <
- L o5t Ch
O 45l 15 3
a8 T 04f 103 2
5 c
.\I\- 19 o5l - (0
10} - — Jo2
02
—@— pristine surface 1
05k —B— oxygen site i 0,1F J01
1 1 1 1 1 1 0,0 1 1 1 1 1 1
MoS, MoSe, MoTe, WS, WSe, WTe, MoS, MoSe, MoTe, WS, Wse, WTe,

Figure 2.2. (left) Hydrogen adsorption Gibbs free energy on the basal plane chalcogen sites (red) and O
substitution sites (blue). (right) Electron charge surplus on the O sites relative to pristine chalcogen atom sites and
the position of the valence band at the I" point of the Brillouin zone relative to Fermi level for various 2D TMC
crystals with O substitution sites.

First, decreased hydrogen adsorption potential on the oxygen atoms (Fig. 2.2.left) has been calculated
from the change of the H atom adsorption Gibbs free energy (AGy), which is a widely used descriptor for
the catalytic activity. Second, negatively charged oxygen atoms has been obtained from Bader charge
analysis (Fig. 2.2.right), where such negative charges can provide an additional attractive interaction for
the positively charged H species, facilitating their adsorption. Finally, increased transversal conductivity
around the oxygen atom was revealed resulting an efficient transverse electron transfer for the catalytic
process. In the latter case, we found that the presence of oxygen atoms locally enhances the z-like
character of the atomic orbitals around the Fermi-level, as it can be seen in the local density of states
(LDOS) iso-surface plot (Fig. 2.3). This induces an enhanced overlapping of the O, S, and Mo orbitals,
opening sub-nanometer wide transverse conduction channels in the direction perpendicular to the sheet.

Oxygen

Figure 2.3. Electronic density of states
redistribution near the O substitution site in
MoS, single layer. In-plane view of the S
layers highlighting increased electron
density on the nearest neighbor S atoms.

Top S layer C Bottom S layer

In conclusion, 2D solid solution TMCs with identical active sites emerge as an excellent platform for
single-atom catalysis, where the fully characterized atomic and electronic structure are also expected to
provide a new model system for understanding single-atom catalysis.
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Visible-frequency graphene plasmons in extremely nanocorrugated
graphene sheets

680263-NanoFab2D-ERC-2015-STG, LP2014-14 Lendiilet, LP2017-9 Lendiilet
G.Dobrik, P. Nemes-Incze, P. Siile, P. Vancsé, G. Piszter, L. Tapaszto

Graphene plasmons — hybrids of Dirac fermions and photons - are particularly appealing due to their
unmatched mode volume confinement, long lifetime and easy tunability. To fully exploit these unique
properties, visible-frequency graphene plasmons are desirable, given that our most efficient optical
techniques are available for visible light. However, tuning up the resonance frequency from native THz
values into the visible range turned out particularly challenging. It has been proposed that graphene
structures below 10 nm characteristic size, can scale up plasmon frequencies into the visible. However,
this approach is strongly limited by the detrimental effects of edges on plasmon resonances. We have
demonstrated the realization of visible graphene plasmons through their edge-free lateral confinement
into sub-5 nm graphene nanocorrugations with particularly high aspect ratios. Such graphene sheets with
strong nanoscale corrugations were prepared by cyclic thermal annealing between RT and ~400°C. The
RMS value characterizing the surface roughness is about 0.5 nm, which is almost the double of the RMS
value measured in graphene on SiO; (0.27 - 0.35 nm).

=

01 2 3 45 6 7 8&nm

Figure 2.4. The structure of nanobuckled graphene sheets. STM images of graphene sheets prepared by cyclic
thermal annealing displaying a particularly strong nanoscale corrugation, with lateral size below 10 nm, and
nanometer height. Line cut displaying a typical graphene nanocorrugation geometry with an aspect ratio of
hmax/R ~ 0.5.

Graphene corrugations with aspect ratios (hn./R) as high as 0.5 could be easily found. These numbers
clearly highlight the extreme nature of the nanoscale deformation (corrugation).The most striking findings
were observed when measuring the Raman spectra of corrugated graphene sheets with 633 nm excitation
wavelength. Such measurements revealed a huge Raman signal, only by exposing the samples to
laboratory air (Fig.2.5.b). Detecting Raman peaks with 20 times higher intensity than the G peak of
graphene by only air exposure is truly remarkable, and indicates a strong and robust underlying
phenomenon. The huge Raman signal picked up from air, was identified as the fingerprint of copper
phthalocyanine (CuPc) molecules. As expected, exposing quasi-flat graphene sheets to the same
conditions (i.e. air) does not result in any detectable CuPc signal in the Raman spectra.
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Figure 2.5. (right) Huge Raman enhancement on nanocorrugated graphene sheets. Detection of CuPc molecules
from “clean” air by nanocorrugated graphene sheets. (left)The Raman spectrum of quasi-flat graphene subjected to
the same conditions is shown for reference.

To gain insight into the origin of the increased optical response, we have calculated the electron
energy loss spectrum of nanocorrugated graphene that directly reveals plasmon peaks. As apparent in
Fig.2.6. several peaks appear in the calculated EELS spectra that can be associated with plasmons or
guasi-plasmons of energies in the visible range.

Loss

0. 15 20 2E 30 3E 40
Energy (eV)

Figure 2.6. Plasmonic excitations in nanocorrugated graphene. Calculated EELS spectrum of a model graphene
nanocorrugation, revealing several loss peaks in the visible range. The insets display the charge distributions of
optical excitations corresponding to different loss peaks.

We have demonstrated the realization of visible graphene plasmons through their edge-free lateral
confinement into sub-5 nm graphene nanocorrugations. The emerging strong near-fields of localized
visible graphene plasmons provide such exceptional Raman enhancements that enable the detection of
specific molecules even from “clean” air. This enormously enhanced interaction of molecules adsorbed
on nanocorrugated graphene with visible light opens the way towards highly efficient and tunable SERS
substrates and quantum emitters.
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Ultra-flat twisted superlattices in 2D heterostructures

680263-NanoFab2D-ERC-2015-STG, LP2014-14 Lendiilet, LP2017-9 Lendiilet,
Korea-Hungary Joint Laboratory

M. Szendrd, P. Siile, G. Dabrik, L. Tapaszté

When 2D materials are layered on top of each other an interference pattern called the Moiré-pattern is
formed due to the lattice mismatch and relative rotation between the layers. Moiré-patterns already host a
large variety of exciting physical phenomena e.g.: secondary Dirac cones, Hofstadter’s butterfly,
superconductivity. However, the corrugation stemming from the pattern is still a largely unexplored field
and is lacking a comprehensive theoretical description. The way 2D heterostructures relax strain through
out-of-plane deformation can highly influence the properties of such systems. The commonly accepted
picture is that the corrugation is a monotonically decreasing function of the twist angle.
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Figure 2.7. Moiré-superlattice corrugations of the top rotated graphene layer for three differently strained 5-layer
graphene systems from molecular mechanics simulations. a) The overlayer is externally compressed with ~0.65%
which leads to a convex phase for angles below 8.2° and a chain phase for angles above. b) The overlayer is
stretched with ~0.45% strain, inducing a nanomesh phase for angles below 4°, and a chain phase above. Near the
phase transition (dashed line), the corrugation vanishes and an ultra-flat phase appears. ¢) Both overlayer and
substrate are stretched with 0.05%. In the range of 0-4° The corrugation is closely constant (plateau-effect).
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Here we found by lattice relaxation of around 8000 different Moiré-superstructures using high scale
Classical Molecular Simulations combined with analytical calculations, that even a small amount of strain
can substantially change this picture, giving rise to more complex behavior of superlattice corrugation as
a function of twist angle. One of the most surprising findings is the emergence of an ultra-flat phase that
can be present for arbitrary small twist angles having a much lower corrugation level than the decoupled
phase at large angles. A possible experimental realization of the ultra-flat state is revealed by Scanning
Tunneling Microscopy (STM) investigations of the graphene/graphite system.
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Figure 1.8. Top row: Moiré-phases of the twisted trilayer graphene system for different twist angles in the space of
externally applied homogeneous strains (phase-maps). The corresponding Moiré-phases are indicated with different
colors (yellow - convex, purple - nanomesh, red - chain). Bottom row: The same phase-maps but colored by the
corrugation of the relaxed Moiré-superlattices. The dark areas show the ultra-flat states around the phase
boundaries.
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We have prepared and analyzed graphene layers deposited at various rotation angles on graphite
substrates. We measured the rotation angle, Moiré-periodicity, as well as the Moiré amplitude for various
rotation angles. We were able to find a graphene flake where the corrugation was very low, almost
undetectable at an intermediate (9°) rotation angle. Consequently, the graphene flake displayed in Fig. 3
b) can be regarded as an experimental realization of an ultra-flat state predicted theoretically, although the
exact parameters (heterostrain values) could not be directly inferred.

Figure 2.9. Topographic scanning tunneling microscope images of graphene layers deposited on top of a graphite
substrate for various relative rotation angles. The STM image in panel (b) reveals an ultra-flat state, much smoother
than observed even for high rotation angles (c). The experimental conditions for image acquisition (Iyymne; = 1nA,
Upiass = 200mV), data processing, and graphic display parameters are the same for all panels.
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Anisotropic strain effects in small-twist-angle graphene on graphite
OTKA K119532, OTKA KH129587, Korea-Hungary Joint Laboratory
M. Szendro, A. Palinkas, P.Siile, Z.Osvath

Graphene and other two-dimensional (2D) materials are intensively studied from the perspective of
building new van der Waals heterostructures by stacking one layer on top of the other. The interaction
between stacked 2D layers affects the resulting electronic properties. Already the interaction between two
superimposed graphene layers implies rich physics. Moiré patterns can appear when two similar
crystalline layers are superimposed, with a spatial period depending on the misfit and the rotation angle
between the lattice parameters of the two layers. This moiré superstructure introduces not only a slight
geometric corrugation in graphene, but also modulates the local density of states (LDOS). Graphene
layers superimposed with small twist angle (~1°) are of peculiar interest due to the decreased Fermi
velocity, charge localization, the emergence of flat electronic bands, electron-electron interaction, and
also due to the appearance of unconventional superconductivity and correlated insulator behavior.

We have investigated a small-twist-angle (0.64°) graphene on highly oriented pyrolytic graphite
(HOPG) by scanning tunneling microscopy (STM) and show that the measured moiré superstructure
reflects a locally strained graphene with anisotropic variations of the lattice parameter (Fig. 2.10.).
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Figure 2.10. a) STM image of the moiré pattern. b) Simulated moiré pattern. c)-f) Spatial distributions of the
following parameters: c) length of a; lattice parameter, d) length of a, lattice parameter, €) the twist angle a
between the graphene and the HOPG, f) the angle between a; and a,, wq. The directions of a; and a, are marked in
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The observed moiré pattern was reproduced by simulation using a rigid lattice Fourier method. The
dl/dU spectra obtained from tunneling spectroscopy (STS) measurements (Fig. 2.11.a) show a slightly
p-doped graphene with the Dirac point at U, = 50 mV, as observed from the spectrum measured in a

moiré valley (black line). In contrast, the dI/dU measured on moiré hills reveal significantly higher
LDOS near the Dirac point.
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Figure 2.11. (a) dI/dU spectra measured on moiré hills (red curve) and moiré valleys (black curve). (b) STM
images of the same moiré pattern measured with bias voltages of U = 50 mV (top panel) and U = -500 mV (bottom
panel). (c) Height profiles taken at U = 50 mV (red) and U = -500 mV (black) along the same moiré hills, marked

with white lines in b).

In order to understand in more detail the observed LDOS peak, DFT calculations have been carried
out for trilayer graphene (TLG) supercells with AAB and ABA stackings (pre-optimized by classical
molecular dynamics - CMD simulations), which take into account also the uppermost two layers of the
HOPG substrate. Full self-consistency calculations performed on AAB-TLG supercell resulted in a band
structure as shown in Fig. 2.12.b. The corresponding DOS calculations (Fig. 2.12.a, red) show a double-
peak feature near the Dirac point. Note that the DOS of ABA-TLG is featureless near the Fermi energy
(Fig. 2.12.a, black). These results capture very well the peak localization in the AA stacked regions and
are in good agreement with the measurements, although the peak splitting is not well resolved by room
temperature STS. In addition, we performed also a constrained, Harris-functional-like DFT calculation for
the full CMD pre-optimized, moiré commensurate bilayer (MCB) supercell, including 33076 atoms at
0.63 twist angle. No peak splitting occurs in the obtained DOS (Fig. 2.12.a, dotted) due to the mixed
effect of differently stacked regions.
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Figure 2.12. (a) DFT calculations of total DOS for ABA-TLG (black), AAB-TLG (red), and MCB supercell (dotted)
at twist angle of 0.63. (b) Calculated band structure for AAB-TLG.
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Optical detection of vapor mixtures using structurally colored butterfly and
moth wings

OTKA K111741, OTKA K115724

G. Piszter, K. Kertész, Zs. Balint, and L. P. Biro

The efficient detection of volatile organic compounds in current applications is highly needed as
monitoring air quality in the living environment is becoming increasingly important. The multivariate
sensors, based on the photonic nanostructures of butterfly wings, are excellent candidates for this task as
their optical readout is relatively easy and their response time is short, while they can operate in ambient
air without high operating temperature or vacuum conditions. The sensing process is based on the
capillary condensation of the vapors, which results in the conformal change of the chitin-air
nanostructures and leads to substance-specific color change signal.

We investigated the optical responses of structurally colored wings of five butterfly and moth species
when mixtures of volatile vapors were applied to the surrounding atmosphere. Fig. 2.13 depicts the
responses for acetone + ethanol mixtures.
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Figure 2.13. Optical responses of the wings of five species were investigated when mixtures of acetone + ethanol vapor
mixtures were applied. All showed similar color change behavior: the optical responses of the mixtures fell between the
color change signals of the pure solvents. The broken lines show the initial relative reflectance spectra used as a
reference (100%).
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The changes in the structural colors caused by the different acetone + ethanol vapor mixtures fell
between the optical responses generated by the two pure substances in a consecutive order. Therefore, the
optical response from a certain vapor mixture consists of the linear combination of the optical responses
caused by the vapor components separately. This shows that the photonic nanostructures occurring in the
wing scales are capable of chemically selective sensing of vapor mixtures.
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Figure 2.14. Different vapor mixtures generated different optical responses of the wing of a H. polycletus male
specimen. (A) The optical responses (relative reflectances) of the three mixtures are characteristically different from
each other. (B) The PCA scores plot shows the characteristic trajectories of the three mixtures. The three points close

to each other on the left side are the points of the pure ethanol vapor from which the trajectories spread apart.

To investigate the chemically selective behavior of the butterfly wings in detail, a Hypochrysops
polycletus specimen with bright blue structural color was used in the vapor sensing experiment and three
different vapor mixtures were applied. The measured optical responses, i.e., the color changes of the wing
in the case of acetone + ethanol, 2-propanol + ethanol, and water + ethanol vapor mixtures were recorded,
and the results are depicted in Fig. 2.14.A. All vapor mixtures showed similar behavior, as described
earlier, as the optical responses of the mixtures fell between the pure substances.

To analyze the vapor-specific behavior, the measured data were evaluated with principal component
analysis (PCA). Figure 2.14.B provides the PC scores plot, which contains the vapor sensing trajectories
of the three different vapor mixtures. The three data points on the left that are close to each other, from
which the trajectories originate, are the points of the pure ethanol vapor spectrum. Away from this, the
curves spread apart, as the compositions of the mixtures shift to their other component. These results
demonstrate that butterfly wing-based sensor materials can discriminate between different vapor mixtures
very efficiently, as the optical responses of these biological photonic nanostructures are highly substance-
specific.
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Reproducible phenotype alteration due to prolonged cooling of the pupae of
Polyommatus icarus butterflies

OTKA K111741, OTKA K115724
G. Piszter, K. Kertész, Z. E. Horvath, Zs. Balint, and L. P. Biro

The phenotypic changes induced by prolonged cooling (2 — 12 weeks at 5 °C in the dark) of freshly
formed Polyommatus icarus pupae were investigated. We used more than 200 pupae in our laboratory.
Cooling halted the imaginal development of pupae collected shortly after transformation from the larval
stage. After cooling, the pupae were allowed to continue their developmental cycle. The wings of the
eclosed specimens were investigated by optical microscopy, scanning and cross-sectional transmission
electron microscopy, UV-VIS spectroscopy and microspectroscopy. The eclosed adults presented
phenotypic alterations that reproduced results that we published previously for smaller groups of
individuals remarkably well (see Fig. 2.15); these changes included i) a linear increase in the magnitude
of quantified deviation from normal ventral wing patterns with increasing cooling time; ii) slight
alteration of the blue coloration of males; and iii) an increasing number of blue scales on the dorsal wing
surface of females with increasing cooling time. Several independent factors, including disordering of
regular scale rows in males, the number of blue scales in females, eclosion probability and the probability
of defect-free eclosion, showed that the cooling time can be divided into three periods: 0 — 4 weeks, 4 — 8
weeks, and 8 — 12 weeks, each of which is characterized by specific changes. The shift from brown
female scales to first blue scales with a female-specific shape and then to blue scales with a male-specific
shape with longer cooling times suggests slow decomposition of a substance governing scale formation.
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Figure 2.15. Quantification of the aberration of the pigment-based pattern on the ventral wing surfaces of P. icarus
butterflies. (A) Previously reported results; (B) results of the set of cooling experiments conducted to check
reproducibility. (s.e.m. = standard error of the mean)
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Figure 2.16. Changes in the dorsal wing scales of P. icarus specimens with increasing cooling times, as seen under an
optical microscope. Male (A) and female (B) specimens. The inset in the top left corner of (A) shows the androconia
separating the regular rows of the cover scales of the males.

The normally brown females developed an increasing number of blue scales as the cooling time was
increased (see Fig. 2.16.) and exhibited greater deviation in the spectral position of the blue reflectance
peak associated with blue scales than males. We attribute this difference to the fact that the genes
regulating the production of the blue-generating nanoarchitecture of females are not subjected to
reproductive selection, in contrast to those of the males, as the production of their blue scales is induced

only under special conditions.
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The Photonics Department develops unique methods and tools for non-destructive optical and
magnetic measurement of surface nanostructures and materials (spectroscopy; magnetic material testing;
biosensors; surface curvature measurement; surface testing; water contamination). One of the most
important tasks of the Department is patenting and application of the methods in international projects
with partners representing the industry and the high technology.

Key achievements of the Photonics Department in 2019:

The degradation of the heat-treated reactor steel was investigated by non-destructive magnetic
method. The self-developed, so-called "magnetic adaptive test” (MAT) is capable of high
sensitivity, fast and non-destructive testing of material quality (e.g. brittleness).

Surface modification and measurement techniques have been developed to control and
characterize the self-assembly of nanoparticles. Gold nanoparticles with opposite surface charges
have been created to study in-situ formation of individual dimers in a liquid medium. It has been
shown that single particle spectroscopy is capable of determining the spatial configuration of
interconnected particle pairs.

Capillary probe methods have been developed and equipment for high-precision edge angle
measurement has been developed, which offers an indirect, non-destructive, fast and sensitive
determination of surface properties, including purity, pinholes, and many other technologically
important properties. In addition to the extremely high sensitivity of the method, it has been
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possible to reduce the measurement accuracy of the edge angle to 0.1° even in measuring ranges
where conventional methods are not applicable or the measurement error is several times higher.

e The cyclic voltammetry method has been optimized for the detection of arsenic and nickel in
drinking water. Properly immobilized genetically modified flagellar filaments allow greater
sensitivity on the gold surface. The stability and regenerability of the sensor surfaces have been
demonstrated, which is an important aspect for the practical use of a handheld instrument for field
application. An optical method for real-time monitoring and structural modelling of the surface
adsorption of filaments has been developed.

e Makyoh ("magic mirror") topography method created a new geometric model to take into account
global curvature. The developed method shows that the error can be analytically corrected by
knowing the equivalent sample-screen distance and the global curvature parameters.

e The method of combinatorial materials science has been improved in both sample preparation and
analytical applications. Metal-oxide structures, which are characterized by optical and ion-beam
mapping techniques, have been created by multi-source large-area magnetron sputtering to
understand lateral distribution of properties, develop measurement evaluation models, and create
optical databases over a wide range of compositions.

e The optical monitoring method for the optical inspection of the surface of zirconium rods used in
nuclear power reactors has been further developed. The method can also test small diameter tubes
(<1 cm) in a controlled atmosphere at temperatures ranging from 25 to 600 °C. A diffusion model
has been developed to understand the oxidation process, which provides a better understanding of
high temperature processes compared to measurement data.

e Using the spectroscopic ellipsometry method, the dielectric function of germanium amorphized
by ion implantation was determined. Implantation parameters that allow the formation of a
compact amorphous layer are used, and bubbles in the layer are avoided. Optical references are
important for studying ion implanted semiconductors, embedded nanodots, and complex
structures that can be studied in the medium of sensing and microelectronics.
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Combinatorial Investigation of WO3-MoO3 Mixed Layers by Spectroscopic
Ellipsometry using Different Optical Models

M-ERA.NET Transnational Call 2018 VOC-DETECT, OTKA NN131269, OTKA K129009

R. Bogar, Z. Labadi, Z. E. Horvath, Z. Zolnai, M. Fried

Protection against heat waves through the glass windows, the electrochromic film as a smart window
is the most useful tool to reduce heat in buildings. This type of glass consists of a layer of electrochromic
film bounded by metal oxide layers able to change their transparency under DC bias. Typical materials
for this purpose are MoO3; and WO; but relatively little attention is paid for the applicability of their
mixed oxides. In our work we investigated mixed oxides deposited by combinatorial reactive sputtering.
Metal oxides were deposited onto glass substrates by using Argon-Oxygene plasma for sputtering
metallic targets, while combinatorial method meant that substrates were in cyclic movement under two
different plasma streams.

W- and Mo-targets were placed separately into the sputtering chamber and 30x30 cm glass substrates
were slowly moved under the two separated targets. Two possible arrangements of the targets can be seen
in Fig. 3.1. In the first arrangement, the two targets were placed at 35 cm, in the second arrangement they
were placed at 70 cm distance from each other. According to the measurements, in the first arrangement
the two ,,material streams” overlapped around the centre position, while in the second arrangement the
two ,,material streams” were separated.
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Figure 3.1. Two arrangements of the targets: a) the two targets in closer position (35 cm from each other) b) the
two targets in distant position (70 cm from each other).

Reactive sputtered mixed oxide layers were investigated and mapped by Spectroscopic Ellipsometry
(SE) We used different (oscillator- and Effective Medium Approximation, EMA-based) optical models to
obtain the thickness and composition map of the sample layer relatively quickly, and in a cheap and
contactless way. In a set of experiments, we changed the position of the sputtering targets, the speed and
cycle number of the substrate motion. Our aim was to compare the “goodness” of the different optical
models depending upon the sample preparation conditions.



MFA Yearbook 2019 38

Surf. roughness (air(50%) + WO;-Mo0,(50%)

800

-l S b | wopeo, 200-1500 nm

2T-Losc. or Effective Medium Approximation
351 81600 (EMA)

Interface (W(50%) + WO, MoO;(50%)

-17.000000

Figure 3.2. Thickness-map based on Tauc-Lorentz oscillator model

Figure 3.2 shows a typical SE map of the deposited layer (together with the schematic optical model).
We have also used Rutherford Backscattering Spectrometry (RBS) to check the SE results (see Fig. 3.3).
We showed that we were able to produce mixed oxide layers using the combinatorial approach in a
magnetron sputtering system. These samples can be mapped (thickness and composition maps, too) by
fast and non-destructive manner by Spectroscopic Ellipsometry. We can choose between appropriate
optical models (2-Tauc-Lorentz-oscillator model versus the Bruggeman Effective Medium
Approximation, BEMA) depending on the process parameters.
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Figure 3.3. Composition-map along a line by Rutherford Backscattering Spectrometry

Our further aim is to investigate the goodness of WO3-MoO3 mixed layers as electrochromic
materials for ,,smart” windows (transparency ratio, switching speed, coloration efficiency).
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Sensing layer for Ni detection in water created by immobilization of bio-
engineered flagellar nanotubes on gold surfaces

OTKA NN117847, OTKA NN117849, OTKA K131515,
INFRANANOCHEM - Nr. 19/01.03.2009

Z. Labadi, B. Kalas, A. Saftics, L. Illes, H. Jankovics, E. Bereczk-T. ompa, A. Sebestyén, E. Téth, B.
Kakasi, C. Moldovan, B. Firtat, M. Gartner, M. Gheorghe, F. Vonderviszt, M. Fried, P. Petrik

Environmental monitoring of Ni is needed around the WHO threshold limit of 0.34 puM. This
sensitivity target can usually only be met by time consuming and expensive laboratory measurements.
There is a need for cheap field-applicable methods, even if it is only used for signalling the necessity of a
more accurate laboratory investigation.

In this work bio-engineered bacterial Ni-binding flagellin variants were fabricated and their
applicability in capture layers was tested. Nanotubes of mutant flagellins were built by in vitro

polymerization (Fig. 3.4.).
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Figure 3.4. Construction of Ni-binding flagellin variants. (A) The D3 domain of Salmonella flagellin was replaced
by a Ni-binding motif. (B) The Ca backbone trace of the D3 domain of flagellin is displayed showing residues
mutated for histidine.

A large surface density of the nanotubes on the sensor surface was achieved by covalent

immobilization chemistry based on an optimized dithiobis(succimidyl propionate) (DSP) crosslinking.
Surface coverage was monitored by using in situ plasmon enhanced spectroscopic ellipsometry (Fig.

35)).
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Figure 3.5. Increase of refractive index (at the wavelength of 633 nm) in the layer modelling the filaments at the
interface during adsorption to gold surface with (red line) and without (black line) a DSP layer for covalent
bonding. The change of refractive index corresponds to surface densities of 391 ng/cm? and 184 ng/cm?, for DSP-

covered and non-covered surfaces, respectively.

Nickel detecting capability of the filament layers was tested by cyclic voltammetry using added NiSO,
in different concentrations. Fig. 3.6.left shows that a cathodic peak associated with the Ni** ion reduction
appears in the potential range around -250 mV, and the peak intensity monotonously increases with the
Ni?* concentration, up to saturation. Regeneration of the samples was also successfully realized (Fig
3.6.right).
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Figure 3.6 (left) Set of CV curves measured in the presence of Ni(ll) on flagellar nanotubes. (right) Ni peak areas
are represented for first use (blue) and for regenerated (red) samples.

Our work demonstrates [Ref. 3.1] that mutant flagellar filaments have the potential to form protein-
based Ni sensing layers on a Si substrate which can be employed in low-cost portable electrochemical
biosensors to fulfil the requirements for sensing Ni in water at concentration as low as the WHO health
threshold limit.
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Optical properties of hydrogenated amorphous Si;_,Ge, for the entire range of
compositions

OTKA K131515, OTKA K129009 and M-ERA.NET Transnational Call 2018 VOC-DETECT

B. Kalas, Z. Zolnai, G. Safran, M. Serenyi, E. Agocs, T. Lohner, A. Nemeth, M. Fried, and P. Petrik

The optical parameters of hydrogenated amorphous a-Si,—Ge,:H layers were measured with focused
beam mapping ellipsometry for photon energies from 0.7 to 6.5 eV. The applied single-sample micro-
combinatorial technique enables the preparation of a-Si,_,Ge,:H with full range composition spread.
Linearly variable composition profile was revealed along the 20 mm long gradient part of the sample by
Rutherford backscattering spectrometry and elastic recoil detection analysis. The Cody-Lorentz approach
was identified as the best model to describe the optical dispersion of the alloy. The effect of incorporated
hydrogen on the optical absorption is explained by the lowering of the density of localized states in the
mobility gap. It is shown that in the low-dispersion near infrared range the refractive index of the a-
Si;_Ge, alloy can be comprehended as a linear combination of the optical parameters of the components
[Ref.3.2.].

The micro-combinatorial sample preparation with mapping ellipsometry is not only suitable for the
fabrication of samples with controlled lateral distribution of the concentrations, but also opens new
prospects in creating databases of compounds for optical and optoelectronic applications.
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Figure 3.7. Setup used for the "single-sample concept” combinatorial deposition.
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Figure 3.8. Real and imaginary parts of the complex refractive indices of a-Si,_,Ge,:H with p,/p=0.1 for different
compositions (left-hand side) and for different H contents for x=0 given as py/p values written next to the
corresponding curves (right-hand side).
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Determination of complex dielectric function of ion-implanted amorphous
germanium by spectroscopic ellipsometry

OTKA K131515, OTKA K129009

T. Lohner, E. Szilagyi, Zs. Zolnai, A. Németh, Zs. Fogarassy, L. lllés, E. Kotai, P. Petrik, M. Fried

Accurate reference dielectric functions play important role in the research and development of optical
materials. Libraries of such data are required in a broad range of applications from integrated optics to
photovoltaics. Amorphous semiconductors are gaining increasing interest in optoelectronics and many
other applications. Measuring with a spectroscopic ellipsometer (SE) in the wavelength range from 210 to
1690 nm we determined the complex dielectric function of fully amorphized Ge (a-Ge) layer produced by
a two-step implantation (120 and 300 keV) of Al ions into single-crystalline Ge. The reason for selecting
a relatively light mass projectile (Al) was to avoid void formation in case of implantation of heavy mass
ions. The evaluation of ellipsometric spectra at multiple angles of incidence was performed using a two-
layer optical model: an a-Ge layer with a GeO, surface layer. The complex dielectric function of a-Ge
was modelled using the Tauc-Lorentz or the Cody-Lorentz dispersion relations (Fig. 3.9.). The thickness
of the a-Ge layer was determined by Rutherford backscattering spectrometry (RBS) in combination with
channelling and by cross-sectional transmission electron microscopy (XTEM). The thickness values
evaluated from SE, RBS and XTEM measurements agree within the experimental limits of accuracy. The
complementary investigations revealed a high-quality amorphous layer, suitable for providing optical
reference data [Ref.3.3.].
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Figure 3.9. (a) Dual-energy ion implantation to create amorphous Ge. (b) Refractive index (n, solid lines) and
extinction coefficient (k, dashed lines) spectra measured by ellipsometry using the Cody-Lorentz (CL) and the Tauc-
Lorentz (TL) dispersions. For comparison, the data of c-Ge and evaporated a-Ge (Adachi) are also presented.
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Optical spectroscopy studies on nanoparticles
OTKA FK128327, OTKA KH129578, 2018-2.1.13-TET-FR-2018-00002

D.P. Szekrényes, D. Zambo, A. Dedk

Our earlier works on gold nanoparticle heterodimers have shown that it is possible to site-selectively
surface modify gold nanorods with specific molecules that in turn enables the region-selective assembly
of nanosphere/nanorod heterodimers [Ref.3.4., Ref.3.5.]. We also demonstrated that the assembly process
of such patchy colloids can be captured in-situ in the aqueous environment even at the single particle
level by relying on the scattering spectrum measurement of individual heterodimers [Ref.3.6.].

In our recent work we push these studies one step further by systematically investigating the
polarization resolved scattering spectra of sphere/rod heterodimers with the aim to conclude on the
relative spatial arrangement on the particles more precisely [Ref.3.7.]. For the measurements we use a
custom developed dark-field microscopy-based setup, which allows the measurement of the scattering
spectrum of individual nanoparticles via a high sensitivity imaging spectrometer. As we use gold
nanoparticles for the experiments, their localised plasmon resonance determined scattering spectrum will
drastically change upon binding of a second particle due to plasmon coupling. The scattering spectrum of
such a particle dimer contains rich details when the dimer is formed by a sphere and a rod. One prominent
feature is the Fano resonance arising due to the destructive interference of the spatially and energetically
overlapping rod and sphere plasmon modes. Polarization resolved scattering measurements performed on
individual heterodimers reveals, however, that apparently identical scattering spectra of sphere/rod
heterodimers belonging to different relative particle arrangements (namely top or bottom arranged in term
of the spheres’ position with respect to the nanorod), show markedly different behaviour as an analyser Is
placed at different azimuthal angles in the beam path (Fig. 3.10.).
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Figure 3.10. White light scattering spectra obtained for sphere/rod heterodimers featuring different nanosphere
arrangements (side: a, top: c). The scattering spectrum of the same heterodimers obtained using a linear analyser at
different angles with respect to the rod longitudinal axis (b,d).
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It has to be stressed that in the polarisation resolved spectra there is a peak (marked ‘3’ in Fig. 3.10.b,
3.10.d) that behaves markedly differently for the two arrangements. This peak — supported by optical
simulations on the structures — can be attributed to the coupled sphere dipole/rod transversal mode. The
different intensity modulation of this mode with the analyser angle can be expected as the coupling axis is
different for the two arrangements. For the side arranged case the peak is fairly pronounced at 90°, as in
this case the coupling axis is parallel to the analyser direction and the coupled dipole radiates effectively
towards the collecting optical system. For the top arranged case, however, its intensity remains fairly low
and constant at all angles, as the coupling axis is vertical and radiation from this coupled mode propagates
largely towards the sides. This implies that the polarisation dependence of this coupled mode can be used
to conclude on the relative arrangement of the particles in the direction perpendicular to the substrate
(side or top arranged). We successfully exploited this strategy to investigate the formation of individual
heterodimers in aqueous environment and their eventual rearrangement upon drying the very same
structure. We provided evidence for the structural rearrangement of such a rod/sphere heterodimer based
on correlative spectroscopic / scanning electron microscopic investigations [Ref.3.7.].

Another direction of the research is centred on the controlled preparation of nanosphere dimers at
solid/liquid interface with the specific aim to investigate their arrangement and surface separation in-situ
in the agqueous environment by optical microspectroscopic measurements. As the coupled spectrum of
such dimers is well known change sensitively with the surface-to-surface separation, it could provide a
platform to study in the (attractive) interaction between nanoparticles featuring dissimilar surface
molecular coatings. We prepared colloidal systems from gold nanospheres that are individually stable, but
have high affinity towards each other owing to their opposite surface charge. One of these attractive
particle types are PEGylated to provide an additional steric repulsion. PEG is used as a benchmark
molecule in bio-related fields as it can significantly improve the stealth capability of nanosized materials
introduced into the body. The goal will be to correlate the effective particle separations with the relevant
colloidal interactions, including the steric repulsion due to the presence of the PEG chains. At the
preliminary stage of this work the model systems have been prepared and their assembly potential
verified based on bulk spectroscopy measurement (Fig. 3.11). In the next phase of the work these systems
will be used to carry out the single particle (dimer) spectroscopy measurements.
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Figure 3.11. Spectral peak position changes upon mixing positively charged ((11-Mercaptoundecyl)-N,N,N-
trimethyl-ammonium bromide coated) gold nanoparticles with negatively charged ones (carboxy-PEG; 3000 Da
and 11-mercaptoundecanoic acid coated). As a reference only PEG covered particles (5000 Da) are used where no
changes in the optical spectrum are observed, underlining the role of the electric double layer attraction in the
assembly process.
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In the framework of a bilateral project we also work with a French partner, Doru Constantin from the
Laboratoire de Physique des Solides (Orsay) on the detailed SAXS investigation of our PEGylated gold
nanoparticles, that we used earlier successfully demonstrate the ionic strength and temperature triggered
clustering of the particles [Ref.3.8.]. We successfully repeated our earlier experiments and amended the
characterization with the SAXS data, from which the equilibrium distance between the particles within
the clusters was obtained. We compare this to theoretical calculations on the soft-sphere type interaction
between the nanoparticles. The results are planned to be published next year.
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Robust contact angle determination for sessile drops without apex
OTKA FK128901

E. Albert, B. Tegze, Z. Hajnal, D. Zambo, D. P. Szekrényes, A. Deak, Z. Horvélgyi, N. Nagy

The polynomial fitting to the profile of a sessile drop is widely used in those cases when the drop apex
is not visible. The major disadvantage of this approach is that the resulted contact angle is highly sensitive
to the applied polynomial order and the number of pixels to which the polynomial was fitted. In order to
overcome these uncertainties, an easily implementable method was introduced.

Circumcircles are constructed independently for the left and right unperturbed parts of the profile.
Polynomial is fitted to the vertical difference between the circumcircle and the profile, see Fig. 3.12.
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Figure 3.12. Schematics of the circumcircle and difference fitting method are shown. That region of the profile is
intentionally omitted, which is affected by the needle. Three points are selected from each resulted arc: the
endpoints and the point at the half of maximum height. Circumscribed circles that pass through these points are
constructed independently and polynomial is fitted to the difference between the circle and the profile as a function
of the lateral distance from the contact point.

The contact angle is calculated from the sum of the slope of the circumscribed circle and the

polynomial curve at the three-phase contact point for each side. The derivative of the circumcircle at the
contact point can be calculated analytically. The slope of the polynomial curve at the contact point does
not change significantly with the contact angle or with the drop volume.
The method was validated in the contact angle range of 20°-150° with two different image resolutions
(1280 x 1024 and 750 x 600 pixels) by comparing the results to the values calculated by the Young-
Laplace fit (Fig. 3.13). The accuracy of the method was found to be <0.6° and it does not show significant
dependence on the actual contact angle and on the resolution of the captured image. In comparison, the
accuracy of the most sophisticated polynomial method is >1°.

Needle-in-drop measurements were carried out on a thermal SiO, surface for demonstration the
capability of the present method (Fig. 3.14). Two syringes were applied with different needle diameter
and the determined contact angles were in good agreement considering their standard deviation. The



MFA Yearbook 2019 48

results obtained using the small-diameter needle were a bit closer to the values resulted from the Young-
Laplace fit [Ref.3.9.].

The method improves the accuracy of the evaluation of the needle-in-drop measurements in sessile
drop, captive bubble, electrowetting, and electrodewetting experiments and it might be useful also for
tilted plate measurements as well.
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Figure 3.13. Contact angles as a function of the drop’s base diameter. The values determined by the Young-Laplace
fit are shown by filled markers. The hollow markers designate the values determined by the proposed circumcircle
and differential fitting. The insets show droplet images corresponding to the marked points. The contact line pinning
on the gold nanovoid surface is obvious.

Figure 3.14. Evaluated images of water droplets with the volume of 10 uL (a,c,d,f) and 30 uL (b,e) captured in the
advancing (a,b,d,e) and the receding phase (c,f). The measurements were carried out on the SiO, sample using two
different needles with the diameter of 0.718 mm (a-c) and 0.235 mm (d-f). The red and blue crosses designate the
points for the circumcircle construction, the green curves show the resulted profile after difference fitting.
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Contact angle determination on super hydrophilic surfaces
by using capillary bridges

OTKA FK 128901

N. Nagy

Measurement of low contact angles is challenging. The developed indirect Capillary Bridge Probe
method combines the accuracy of the Wilhelmy method and the general usability of the sessile drop
method without their limitations.

The method is based on the use of a liquid bridge as a probe: the capillary bridge of the test liquid is
stretched between the rim of the base of a cylinder and the investigated surface under equilibrium
conditions. The advancing contact angle on the sample can be measured during the stepwise decrease of
the bridge length. The receding contact angle is determined during the retraction of the cylinder. The
contact angle is calculated from Delaunay’s analytical solution, while the necessary parameters are
obtained from the measured capillary force and from the automated analysis of the captured image of the
liquid bridge. The bridge is formed from a pendant drop. This unique feature ensures that the advancing
contact line finds dry (not prewetted) surface.

A new effect was observed during the measurements on freshly acid-cleaned glass surfaces, i.e. in
complete wetting situations. The receding contact line starts to advance again during the increase of the
bridge length, see Figure 3.15.

i i

Figure 3.15. Images of a water capillary bridge taken during the retraction of the cylinder. The receding contact
line starts to advance again after a given bridge length (L). The capillary bridge was formed on a glass slide treated
freshly in sulphuric acid. Note that images show equilibrium states, not snapshots of a dynamic process.

The measured capillary force does not exhibit hysteresis. The contact radius started to increase in the
retraction phase, around the bridge length corresponding to bridge formation (Fig. 3.16.a). It can be
observed in Fig. 3.16.b that the advancing and receding contact angles are equal within their standard
deviation: 4.7° = 0.3° and 4.5° £ 0.3°, respectively. The measured contact angle in the readvancing phase,
i.e. the readvancing contact angle is much lower, its value is 1.0° £+ 0.1°. When the receding contact line
starts to advance again, it finds prewetted surface, therefore the resulted contact angle is much smaller.

As a demonstration of the capability of capillary bridge probe method, lightly corroded glass slides
were investigated: how does the water contact angle change as a function of the exposure time to air.
Microscope glass slides were cleaned and soaked in 3:1 Piranha-solution. The glass slides were rinsed
thoroughly in hot ultrapure water. The measurement was started directly after the cleaning process on a
glass slide, while other samples were soaked for four days at room temperature. Before the samples were
inserted into the chamber they were dried thoroughly under filtered nitrogen flow. The samples were
measured periodically in different positions, and they were left in the humid atmosphere (94%) of the
sample chamber between the measurements.
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Figure 3.16. (a) Contact radius as a function of the bridge length measured on a glass surface treated in
concentrated sulfuric acid. The contact radius increases after a given point during the increase of the bridge length.
The small difference between the approaching and retraction phase refers to small volume loss. (b) Contact angle
on the glass surface versus the contact radius. Advancing and receding contact angles are equal, while the
readvancing contact angle is lower, because the readvancing contact line finds prewetted surface. The volume of the

liquid bridge was 1.17 uL.
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The advancing and receding contact angles were determined to be equal (3.6° + 0.1° and 3.6° = 0.4°,
respectively) by the first measurement. Their values remain equal for ca. 150 min, and finally significant
hysteresis can be observed, while the readvancing phase disappears. The increased standard deviations of
the last measurement can be connected to the increasing amount of surface inhomogeneity, while the
surface hydroxyl group density decreases. On the contrary, the advancing, receding, and readvancing
contact angles on the soaked sample remain almost unchanged, although the increase of the amount of
surface contamination can be similar to the previous sample. The advancing and receding contact angles
were measured to be 3.8° £ 0.1° and 3.6° + 0.2° in the first position. A slight increase of ca. 1° can be
observed for both after 260 min [Ref.3.10.].
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Figure 3.17. Advancing, receding, and readvancing contact angles on glass slides as a function of exposure time
to humid air (94%) of the sample chamber. The capillary bridge probe measurements were performed directly
after the cleaning process (continuous lines), and after soaking the sample in ultrapure water for four days
(dashed lines). The super-hydrophilic character and the readvancing phase of the directly measured surface

disappear, while the alteration zone formed by corrosion preserves the super-hydrophilicity.
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Makyoh topography

F. Riesz

Makyoh topography is an optical tool for the qualitative flatness testing of specular surfaces, based on
the defocused detection of a collimated light beam reflected from the tested surface. By inserting a square
grid into the path of the illuminated beam, the height map can be calculated by integrating the gradients
obtained from the distortion of the grid’s reflected image (quantitative extension).

In the past year, activities were concentrated both on methodology and applications as follows.

The effect of the global sample curvature on the qualitative-mode Makyoh imaging was analysed
based on a geometrical optical model. It was shown that the global curvature can be taken into account by
establishing an equivalent screen-to-sample distance formula containing the global curvature radius. The
different regimes of the imaging were analysed in detail [Ref.3.11.].

The swirl defects in p-type Si wafers were studied (see Fig. 3.18). White-light interference microscopy
confirmed the existence of the circular-structure relief pattern of the wafers. The geometrical optical
origin of the swirl-like pattern in the Makyoh image was proven. In addition, a visual swirl pattern in the
rough backside was observed in certain wafers, not always correlated with the front swirl pattern.

Figure 3.18. Typical Makyoh-topography image of a swirl defect in a p-type Si wafer.
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Nanosensors Laboratory

Head: Dr. Janos VOLK, Ph.D., senior research fellow

Research Staff: Technical Staff:

e Gabor BATTISTIG, D.Sc., Deputy Head of Tamas CSUKAS, engineer
Department (part time) Janos FERENCZ, engineer

Zs6fia BAJI, Ph.D. Levente ILLES, engineer

Nguyen Quoc KHANH, Ph.D. Attila NAGY, technician

Istvan Endre LUKACS, Ph.D. Miklés SZAPPANOS, engineer
Gyorgy MOLNAR, Ph.D. Erika TUNYOGI, engineer

Andrea Edit PAP, Ph.D. (part time)

Zsolt ZOLNAI, Ph.D. Ph.D. students / Diploma workers:
Janos Mark BOZORADI, B.Sc. student
Lucky Kenda PETER, M.Sc. student
Laszlo POSA, Ph.D. student

Janos RADO, Ph.D. student (part time)
Saeedeh SOLEIMANI, Ph.D. student
Maté SUTO, M.Sc. student

The Nanosensors Laboratory was established at the beginning of the year from the former Department
of Microtechnology. The core infrastructure, having two semiconductor clean rooms, is shared and
operated together with the Microsystems Laboratory. Our Mission is to utilize the emerging results of
nanotechnology and materials science for novel physical sensors, particularly for micro- and nanometer
sized electromechanical systems (MEMS/NEMS). The research activities include the exploration of
piezoelectric thin films, the development of semiconductor sensors and low-power consumption or even
autonomous sensor networks. The activity of the research group is related to and supported by five
domestic projects and several scientific collaborations with national and international partners. Besides,
the group also provided characterization- and fabrication-related services for industrial partners, such as
Light-Tech Hungary or Semilab.

In the most significant project of the group, titled ‘Advanced Functional Materials for Autonomous
Sensor Networks’, the work was divided into three levels: i) research of CMOS compatible piezoelectric
alloys; ii) development of MEMS energy harvester and sensor devices; iii) development of wireless
proof-of-concept (PoC) sensor nodes. The developed PoC systems aim to monitor different parameters
such as tire deformation, machine vibration, and bicycle traffic or gamma radiation. These PoC systems
utilize different commercial and in-house developed low-power RF communication protocols.

Nanotechnology related research was carried out mainly in collaboration with Physics Department of
BME. On the one hand, the group continued the work on spintronic devices as well, in the framework of
National Quantumtechnology Program (HunQuTec). In 2019 we could downscale the period of the
electrode pattern to 50 nm and optimized the deposition of superconducting NbTiN thin films. On the
other hand, we had also progress in the field of memristors and started to work on the phase-changing
VO, layers. Besides, the Nanosensors Laboratory conducted research in the field of betha-Ga,0O; and
plasmonic Au nanoparticles as described below.
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Optimization of co-sputtered Cr,Al;«N thin films for
piezoelectric MEMS devices

NVKP_16-1-2016-0018 “KoFAH”

S. Soleimani, Z. E. Horvath, Zs. Zolnai, Zs. Czigany, and J. Volk

CrAlIN alloys can play an important role in the improvement of next generation piezoelectric MEMS
devices. However, enhanced piezoelectric constants require high degree of uniaxial orientation in the
polycrystalline thin film. In this work Cr,Al;4N thin films of varying compositions were deposited at
different substrate temperatures by reactive DC co-sputtering technique and compared with respect to
their microstructure and optical properties. The relationship between the atomic composition of the layers
and the plasma powers over the Al and Cr targets during co-sputtering was revealed accurately by
Rutherford Backscattering Spectrometry (RBS). As it was revealed by X-ray and selective area electron
diffraction methods, thin films in the range of x=0-0.23 show hexagonal wurzite-type phase, which
changes to cubic rock-salt-type structure between 0.23<x<0.31. At lower Cr cation concentration, like
x=0.12 the wurtzite type polycrystalline film indicates uniaxial texture, whereas it is almost randomly
oriented at x=0.23. Among the compared compositions Crq1,AlggsN showed the strongest c-axis
orientation, whereas the optimal substrate temperature was found to be T=350°C. While the refractive
index measured by ellipsometry monotonously increases increasing Cr from 2.07 to 2.64 with cation
concentration in the range of x=0-0.31, the optical band gap shrinks from 2.65 to 2.23 eV. These optical
data can serve as reference in future contactless wafer-scale optical monitoring process.
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Figure 4.1. XRD spectra of Cr,Al,N films (x=0.04, 0.07, 0.12, 0.16, 0.23, and 0.31) (left); SAED pattern of Cr,Al;-
«N films at x=0.12 (a) x=0.23 (b), and x=0.31 (c) cation ratios showing a changing crystal structure (textured hcp,
random hcp, and textured fcc, respectively). d) TEM overview image of Crg 1,AlpggN Cross section.
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Energy harvester powered vibration analyzer

NVKP_16-1-2016-0018 “KoFAH”

M. Szappanos, J. Volk

We continued to work on our vibration analyser — or VibrAn for short — and improved 1) the
measurement range, 2) the energy management system, 3) the wireless transmitter module and 4)
introduced the device to the internet, effectively making it an loT application with a well-defined
infrastructure. This device (or rather system) can be used to monitor the vibrations, while the embedded
Fourier-transform algorithms provide real-time analyzation features. The device is powered by energy
harvesting (piezoelectric, thermoelectric, photovoltaic).

1) The device by now is capable to measure vibrations ranging up to 1.6 kHz with an average
precision of 1 mg. This was achieved with a dual accelerometer topology: one of the accelerometers has
ultra-low power consumption and can measure up to 200 Hz, while another accelerometer may provide
frequency range up to 1.6 kHz albeit with higher energy consumption.

(@) (b)
Figure 4.2. (a) The vibration analyser circuit board and (b) measurement setup in the engine room of building 29/B
attached to an air-ventilation pump

2) With the upgraded energy management system, it is now possible to harvest energy from three
different sources simultaneously, for example connecting a piezoelectric cantilever, a solar cell and a
thermoelectric generator to the device will all charge the same on-board super capacitor. Furthermore,
both low impedance (thermoelectric generator) and high impedance (piezoelectric cantilever, solar cell)
sources are applicable. These features are achieved by having two energy management integrated circuits,
one for low and another for high impedance sources.

3) We designed our own radio frequency protocol and transceivers with the help of partners Bonn
Hungary Electronics and Datalist Ltd. The protocol operates using the principle of time-to-digital
conversion (TDC), thus by creating a radiofrequency transmission with a very low duty-cycle (<1%) of
the transmitter radio signal. This short active time makes this an ideal protocol for energy harvesting
applications, where low-power operation is critical.
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Figure 4.3 Vibration analyser measurement results on an air-ventilation pump, these results are essential to tune a
piezoelectric cantilever for energy harvesting
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4.) The device seen in Fig. 4.2. represents a sensor node in our system. These sensor nodes operate
from energy harvesting and they transmit the vibration analysis results to a radio receiver unit. A radio
receiver unit can collect data from up to 32 numbers of devices. All the measurement results then get

transmitted to a database and can be loaded and further inspected from this (see Fig. 4.4.).

Energy harvesting sensor with wireless unit

Low power sensor unit
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Figure 4.4 Block diagram of a sensor node with the receiver unit and the connection to the database on the internet

The system was already tested in a few live demonstrations (the latest at the PowerMEMS 2019
conference during December 2-6) and currently the utilization of this system in a real application is

pursued.
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Wireless environmental radiation monitoring system — DOZINET
NVKP_16-1-2016-0018 “KoFAH”

E. Tunyogi, M. Szappanos, J. Volk

The primary objective of the DoziNet project is to demonstrate that the radiation detector system,
developed by the Space Dosimetry Research Group for rocket experiments, can be combined with the
communication units and protocol used and developed by the Nanosensor Laboratory for scalable
networks. The targeted system can be integrated into the network of Geiger—Miiller (GM) probes installed
and operated by the Environmental Protection Service at the KFKI Campus. The same communication
protocol will also be used for transmitting data of the airflow sensors to the server.

The electrical design of the GM system was adapted to the ZP1220 and ZP1301 GM tubes used in the
GM probes of the Environmental Protection service. The signal is measured on the cathode resistor of the
GM tubes. The signal processing unit comprises a pulse shaper (differentiator-integrator unit) and a
comparator. At the output of the signal processing unit a monostable multi-vibrator provides square
pulses of fixed amplitude and length. The counter/data processing unit is realized by a Happy Gecko
EFM32 type microcontroller unit. The measured count rates, in counts per minute, are transmitted to the
server via an RN2483 LoRa® transceiver module. Therefore, as an outdoor gateway, a PDTIOT-ISS00
IoT Wirnet Station was also installed on rooftop of building 29B with Ethernet connection and protection
against rain and lightning. A GPS module was connected to the Happy Gecko developer kit to provide
GPS coordinates as metadata. Measurement data are displayed using NodeRed/ThingSpeak and saved
into mysql database. In addition, for demonstration purposes an airflow meter used at the aerosol stations
at the KFKI campus was also connected to the Lora Network.

The first breadboard model of the DoziNet system was completed and tested. The prototype of the
relocatable GM unit successfully measured the background radiation at the campus and transmitted the
measured data to the LoRaWan server. Data were successfully processed and displayed on the web-based
NodeRed data viewer (Fig. 4.5).

@) Node-RED map all thethings X =+

D(EG Node-RED - map all the things

DoziNet 2019-7-23 12:56:48
2P1220: 110.00
ZP1301: -
g &N | Unit: ncyh
o= i 7ol lat, lon - 47 492008, 18 95432

Figure 4.5 The NodeRed based data viewer of the prototype of the DoziNet system

In the next phase of the project, 3-5 relocatable GM probes, connected by the LoRaWan network to
the main server will be added to the present network of GM probes. A similar unit will be optimized for
use on radiation protection vehicle (DoziMobile).
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Bicycle traffic monitoring system

NVKP_16-1-2016-0018 “KoFAH”
A. Nagy, M. Szappanos, E. Tunyogi, T. Csukas, J. Volk
We designed and built a sensor strip (approximately 1 m long, see Fig. 4.6.), which not only provides

bicycle counting and shows the direction with calculated speed of the biker in the traffic, but with a 2-3
cm precision detects the accurate position where the cyclist crossed the sensor strip.

B %

Figure 4.7 “I Bike Budapest” (2019.04.28.) bicycle prade with our 6 m long sensor strip (with green adhesive
tape)

The project fits well with KOFAH as in order to transmit the measured bicycle traffic data we need a
network. The network used here is called LoRaWAN, which is a wide area network aimed for low power
applications and the transmission distance can reach tens of kilometres. We tested this system near
Margaret Bridge during a 10 day period (Fig. 4.6.), when the data (time, direction, speed, section) of
almost 40.000 cyclists were collected. We also installed the sensor during a big bicycle event (Fig. 4.7.)
and successfully covered a 6 m wide road surface. The project results are by now matured enough to
move to fabrication by the newly established spin-off company LogLine Sensing Kft.
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Nanometer-scale resistive switches
OTKA K128534

L. Posa, I. E. Lukacs

Resistive switching phenomena were detected recently in a wide range of material systems. In proper
device geometries these materials exhibit a reversible change of their resistance as voltage is applied. Our
studies mainly focus on the fabrication of resistive switches below the resolution of current lithography
techniques and the demonstration of complex operation on single or a few devices utilizing their multiple
physical timescales. This year the following device constructions were realized studied using our
nanofabrication facilities.

Sub-10 nm sized graphene-SiO-graphene resistive switch was investigated regarding electrical noise
in steady state and during the switching process. The ultra-small active region was formed in graphene
nanogap created by controlled electrical breakdown of a 200 nm wide graphene nanoribbon (Fig. 4.8.a-b).
The noise spectra were already studied during the graphene breakdown process offering information
about the origin of the large resistance fluctuation in graphene nanogap systems. Since the SiO, resistive
switch has several physical timescales, time resolved noise measurements were carried out to gain
information about the evolution of the mechanisms in conduction and switching. The SiO, memristive
system was also investigated in nanofabricated Nb-SiO,-Nb structure. In this case few nanometer size
active regions could not be generated by the electromigration of an initially continuous nanowire due to
the formation of NbO,. To exclude the formation of NbO,, the Nb electrodes were placed 24-34 nm far
from each other by electron-beam lithography. Compare to the devices with graphene electrodes, all
relevant parameters were similar, however the switching stability and the device-to-device variations
were poorer. We demonstrated the multi-level programming capability, and also the 1/f type electrical
noise was investigated. In the near future, owing to the superconductive behaviour of Nb, Andreev
spectroscopy will be performed to reveal the conduction channels of the resistive switch.

Graphene

Figure 4.8. SEM image of graphene constriction after electrical breakdown and electroformation of SiO, at the
nanogap region. The gap in the graphene is visible as a thin line, marked with arrows. b) A SEM image of the Nb-
SiO,-Nb resistive switch after the sample preparation. The gap between the two Nb electrodes is 24 nm. c¢) Optical

image of Pt/Nb,Og/Al vertical resistive switch.

Resistive switching memories can also be created from atomic-sized contact, in which the switching
mechanism is attributed to voltage induced reversible movement of a single atom. Such devices can be
realized in many systems: electromigrated nanowire, notched wire MCBJ or STM, however these
arrangements either do not have high enough mechanical stability, or a new contact cannot be defined
again after complete rupture of the wire. Nanofabricated suspended silver nanowire can combine the
advantages of these arrangements, it has high stability and the contact can be pushed several times. The
structure lies on a spring steel substrate covered by polyimide providing smooth surface for the
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nanofabricated structure. During the mechanical rupture we could observe conduction quantization at
room temperature and the resistive switching of atomic sized contact was also demonstrated.

The switching behaviour of Nb,Os is attributed to the valence change effect, in which the conductive
filament is built up by local enrichment of oxygen vacancies. Typically, one of the contacts serves as an
oxygen reservoir in forming oxides, while the other one is inert (i.e. Pt). This year three different device
structures were fabricated in vertical arrangement, where two metal wires cross each other
perpendicularly (Fig. 4.8.c). Widths of the metal wires were varied between 100 nm and 5 um. The inert
electrode was 50 nm thick Pt for all types of devices (bottom electrode), while the other electrode was
either aluminium or titanium (top electrode). Between the two metal electrodes an about 16 nm thick
Nb,Os layer was deposited by reactive sputtering. In case of one set of devices with aluminium top
electrode the Nb,Os layer was exposed to argon plasma for 2 min, which typically aids the electroforming
process, when the insulator layer transforms into switchable state. The devices with Ti top electrode did
not show robust switching effect, only weak resistance changes: less than 1.5 switching ratio could be
observed for 100 cycles. In case of Al top electrode we could induce stable resistive switching
independently of the plasma treatment and the wire width. The electroforming voltage for the plasma
etched devices was lower; it decreased from 2.8 V to 2.3 V. We could switch these devices more than 10
thousand times under ambient condition for 5 months. We demonstrated signal detection in a noisy
background using only single device and we also studied their 1/f type electrical noise.

The work was done in collaboration with Physics Department at BME.
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Optimization of VO, thin films for memristors
OTKA K128534

Gy. Molnar, L. Posa

The metal-insulator transition phenomenon accompanied by a rapid reversible phase transition in
vanadium dioxide (VO,) has attracted great attention both from scientific and from technological point of
view due to the various potential applications. Vanadium dioxide thin films are prepared by different
physical and chemical vapour deposition methods.

During our experiments, thin vanadium oxide films were prepared by electron gun evaporation of
vanadium metal in a high vacuum environment followed by the annealing in the presence of air.
According to the available literature, initially, glass plates were used as substrates. It was shown, that in
contrast to the literature the expected VO, phase was not present in the layers. The detailed x-ray
diffraction measurements revealed that the sodium content of the glass substrates interacted with the
layer, and three different sodium-vanadium-oxygen phases were formed (NaVs;Og, Nag76VeOs,
NasV1,03,) instead. The replacement of the glass substrates by SiO, covered Si wafers resulted in the
appearance of the desired VO, phase. The substrates were: (a) 100 nm SiO, covered Si wafers, and (b) 1.3
um SiO, covered Si wafers. 200 nm vanadium metal was evaporated by electron gun onto the substrates
in a high vacuum environment. The heat treatment was carried out in a tube furnace at temperatures of
350-500°C. The annealing times ranged 1 - 4 hours. Initially, the samples were inserted into the hot
furnace, and removed at the end of heat treatment. Later, slow temperature ramping and slow cooling
processes were applied, too. X-ray diffraction measurement confirmed the presence of the VO, phase in
the layers. For temperature dependent resistivity measurements, 1 mm diameter Cr/Au contacts were
evaporated onto the vanadium oxide through a contact mask. According to the electric measurements the
metal-insulator transition could be detected in some samples. The best results were achieved in case of
400°C and 3 hours annealing, the resistance change almost reached two orders of magnitude. In some
cases, the heat treatment caused the appearance of bubbles in the layers. The quantity of bubbles
depended on the temperature and time of the annealing, and on the thickness of the SiO, layer of the
substrates too. The work was done in collaboration with Physics Department at BME.

20 30 40 60 60 70 80 90 100
T(C)

Figure 4.9. Temperature dependence of electrical resistance of a VO, film on SiO,/Si substrates
after annealing at 400°C for 3 hours
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Optimization of superconducting microwave resonators and high spatial
resolution bottom gates

National Quantum Technology Program (HunQuTech)

1. Lukacs, M. Siit6

In 2019 we continued our cooperation with the consortium of the National Quantum Technology
Program in the field of generating, sharing, and developing quantum information networks. Low
dimensional nanosystems and quantum nano-circuits were implemented by our group whereas the
consortium partners are responsible for theoretical models and measurements. The charge density in InAs
nanowires can be well manipulated by an electrical potential on high resolution gate electrodes resulting
in quantum dots of adjustable width and depth. Topological phases of matter are accompanied by
protected surface states or exotic degenerate excitations such as Majorana modes or Haldane’s localized
spinons as well as Weyl degeneracies. According to the literature, the high-frequency modulation of the
potential of quantum dots rotates the quantum bit through spin-orbit coupling. The coupling of quantum
circuits to superconducting resonators enables faster characterization of quantum circuits, for example by
reading the charge and spin quantum bits.

NbTiN layer on intrinsic silicon wafer is a good choice to prepare superconducting resonator due to its
chemical stability, higher critical temperature and simplicity to be produced by reactive sputtering. We
used an AJA UHV system for deposition at a DC sputtering power of 150W on a 3 inch diameter
Nb(60%)Ti(40%) source. The applied Argon flow rate was 10 sccm and the gate valve of TMP was fixed
at a chamber pressure of 2.5 mTorr. In order to optimize the NbTiN layer we deposited 14 samples at
several nitrogen flow rates. In some cases we also used additional RF bias plasma at a power of 5 W on
the sample holder.

Sample name | N, flow rate Bias plasma T (K)
S_2.0 2.0 Off 12.840.3
S_ 22 2.2 Off 1310.3
S 24 24 Off 12.8+0.3
S 26 2.6 Off 12.840.1
S_ 2.8 2.8 Off 12.1£0.1
S_3.2 3.2 Off 11.2+0.5
S_3.6 3.6 Off 10+0.8
S_4.0 4.0 Off 10.1£0.3
S_6.0 6.0 Off 6+0.1
S_8.0 8.0 Off <5

S_2.2 RF 2.2 On 1411
S 2.4 RF 2.4 On 14.61£0.5
S_2.6_RF 2.6 On 1411
S_2.8_RF 2.8 On 10.11£0.3

Table 4.1. Deposited layers with its critical temperatures
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The designed resonators with several geometries were formed by electron beam lithography and reactive
ion etching of NbTiN on sample S_2.4 RF (Fig. 4.10.a). From geometry (Fig. 4.10.b) and transmission
measurements (Fig. 4.11.) of the coplanar transmission line the inner and coupling quality factors, the
specific capacity, the magnetic inductance, the effective dielectric constant, the kinetic inductance and the

square kinetic inductance of the system (Table 4.2) can be determined.

(a)

1 mm

A

(b)

Figure 4.10. (a) Optical microscope image of a superconductor resonator and
(b)AFM image with the relevant geometric data
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Figure 4.11. Transmission measurements of the resonator shown in Figure 1 at various temperatures
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In order to increase the resolution of electron transmission measurements through tunable quantum dot
system in InAs nanowire, it is necessary to decrease the spatial period of the gate electrodes. Previously
gate electrodes were fabricated from Ti/Au vaporized on silica layer by lift-off technology. By reducing
the distance between the Ti/Au gate electrodes, gold can easily migrate on the surface of the chip at low
temperature, causing an open or short circuit in the electrode system. By substituting the gold to platinum
and optimizing the sample preparation processes we can reduce the spatial resolution of bottom gates

Table 4.2. The calculated characteristic values of the shown CTL

from 80 nm to 50 nm (Fig. 4.12.).
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Figure 4.12. SEM images of high spatial resolution Ti/Pt bottom gates on SiO,
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Atomic layer deposition and characterisation of Ga,O; films
OTKA PD116579

Zs. Baji, 1. Cora, Z. Szabo, Zs. E. Horvath, E. Agocs

Gallium oxide (Ga,0O3) is a wide bandgap (4,7-4,9eV) semiconducting material with a number of
crucial applications in sensorics, optoelectronics and catalysis. Due to its UV transparency and its
absorption of deep-UV, it may find important applications in photonics and as a DUV photo-detector.
The present work focuses on the atomic layer deposition and annealing of Ga,O; prepared with
Ga,(NMe,)s, which promises some advantages over the other often used chemicals, such as a lower
deposition temperature. The Ga,0O; films in this work were prepared at deposition temperatures between
100°C and 300°C. Although it has been shown to be possible to grow such films in a temperature range
of 100°C to 300°C, the precursor source had to be heated to 130°C to achieve sufficient vapour pressure.
At temperatures exceeding 270°C, the precursor decomposes resulting in growth of inhomogeneous
rough CVD-like film. The growth rate within the ALD window is 0.4 - 0.8 A/cycle at 130°C - 270°C.
The films prepared with these optimised parameters are homogeneous, and as can be seen in Fig. 4.13.,
their roughness is below 1nm. All the as deposited films are amorphous.

a)
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Figure 4.13.

he morphology of the Ga,Os layer deposited at 130°C

To induce a crystallisation in the ALD Ga,0; films, different annealing procedures were tested. 3 hour
long heat treatments at 900°C were required to achieve crystalline films. Fig 2a shows that in the film
annealed in nitrogen atmosphere a crystallisation started, but according to XRD measurements, these
films remained still mainly amorphous. On the other hand, annealing in oxygen resulted in crystalline -
Ga,0; films with large crystallites on the surface, as it is shown in fig. 2.b and c. The films are textured
and oriented mainly in the (-204) direction.
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Figure 4.14. SEM image of the film after annealing in nitrogen (a), and oxygen (b) at 900°C for 3 hours, and the
TEM image of the latter one

To determine the electrical parameters of the layers, spectroscopic ellipsometric measurements were
conducted. As it is shown in Fig. 4.15., the bandgaps of all deposited layers were within the regime
predicted by the literature: between 4eV and 4.8 eV. The deposition temperature also affected the
bandgap of the films; the ones deposited at 130°C had the widest bandgap. The dielectric constants are
between 3.2 and 3.5, i.e. this property was not significantly influenced by the deposition temperature. The
annealing reduced the dielectric constants of the layers significantly.
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Figure 4.15. Dielectric constants and bandgaps of the as deposited and annealed films as determined by
spectroscopic ellipsometry.
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Radiative damping of surface plasmon resonance in gold nanoparticles:
the influence of shape, size, and substrate material

Z. Zolnai, D. Zambo, D. P. Szekrényes, and A. Deak

In the surface plasmon resonance (SPR) of metal nanoparticles (NPs) the linewidth and spectral
intensity — besides the shape and size of the particles — is determined by radiative and non-radiative
damping terms. So far mainly the role of surface/chemical interface damping term was investigated in the
detection of different ligand molecules bound to the surface of the NPs, and less attention was paid to the
role of radiation damping (I'rag) in plasmonic NPs. Nevertheless, to evaluate the intensity and the overall
damping, i.e., full width at half maximum of the SPR spectra a reliable estimation of I'r,q is also required.
The value of T'ry and thus spectral intensity depends on the local environment of NPs, that is, the
substrate material and the dielectric function of the surrounding media. In case of polarizable substrates
supporting plasmonic NPs the dipole moment of the NP is coupled to the dipole moment induced by the
mirror charge appearing in the substrate (or, in the NP shell for core-shell NPs).

In this work we investigated the effect of the underlying material on the radiation damping for gold
nanospheres (NS) and nanorods (NR) with dark-field single-particle scattering spectroscopy correlated
with scanning electron microscopy analysis. Besides spectrum shape, the relative intensities of the optical
spectra were also considered as the detector system is corrected for spectral intensity vs. the excitation
wavelength. Au NPs on glass, Si, and SiC, i.e., on substrates with significantly different refractive indices
were analyzed. The effect of the anisotropic environment was taken into account through an effective
dielectric constant which is extracted from the resonance frequency of SPR.

Through the correlation of the optical scattering spectra with the NP size extracted from SEM analysis,
significantly higher relative spectral intensity and radiation damping was found for nanospheres deposited
on Si and SiC as compared to the nanospheres deposited on glass. For nanorods an opposite effect was
observed, i.e., higher relative intensity, but lower radiation damping was observed for NRs on glass as
compared to NRs on Si. These findings can be explained by a dipole oscillator model that relates the
spectral intensity with the net polarization of the system, the SPR frequency, and the effective dielectric
constant of the NP environment. For spheres (rods), the substrate mirror charge induced polarization is
parallel (opposite) to the transversal (longitudinal) polarization of the Au NPs induced by the excitation
light source. As the induced polarization of the substrate is higher for higher refractive index, the
observed trends in T'ryg and intensity can be understood considering the net polarization of the different
systems. We note that besides the oscillator model, possible influence due to reflectance of the incident
light and the NPs dipole radiation on the substrate surface and the spectral transmittance of the
substrate/air interface on the detected intensity were estimated.

This work can pave the way toward the detection of ligand molecules and local dielectric environment
through the parameters of the SPR resonance of metal nanoparticles.
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Investigation of atomic or molecular processes induced by ultrashort laser
and/or electron pulses

2018-1.2.1-NKP-2018-00010

G. Battistig

The collaboration of the three institutions (University of Pécs, Faculty of Sciences, Institute of
Physics, Institute for Nuclear Research and MFA) of complementary competencies develops a new tool
able to study atomic and molecular processes triggered by the combined action of photons and electrons.
The ultra-short pulses of electrons needed for the process will be produced by terahertz radiation. The
new scientific tool is planned to be setup and operate at ELI-ALP.

The task of MFA in the project is aimed at producing micro- and nano-sized structures and devices in
which the terahertz electromagnetic space can accelerate electron packets with great efficiency. For the
production and processing of semiconductor and dielectric structures in the required micrometer size
range, only the MFA Microtechnology Laboratories provide the appropriate technology and expertise.

Dielectrics
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Figure 4.16. Principle of electron acceleration by electromagnetic field of THz radiation

Figure 4.17. The planned setup: THz illumination of the dielectric microstructure (inset) through the waveguides.
The electromagnetic field across the structure accelerates the electron packets flying through the microstructure.
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Microsystems Laboratory

Head: Dr. Péter FURJES, Ph.D., senior research fellow

PhD Students:
Researchers: e Anita BANYAI (OE Uni Obuda)
e Istvan BARSONY, member of HAS, e Janos RADO (OE Uni Obuda)
e Orsolya BALINT-HAKKEL, Ph.D. , e Eszter Leell6syné Toth (Pazmany Peter
maternity leave Cath. Uni— defence in 2019)
e Ferenc BIRO, Ph.D.
e Csaba DUCSO, Ph.D. Engineers / technicians:
e Péter FOLDESY, Ph.D. e Gyorgy ALTMANN, technician
e Péter FURJES, Ph.D. e Gabriella BIRO, technician
e Zoltan HAJNAL, Ph.D. e Tibor CSARNAI, technician
e Istvan RETL Ph.D. e Magda EROS, technician
e Zoltan SZABO, PhD. e Janos FERENCZ, electrical engineer
e Petra HERMANN, bioengineer
e Robert HODOVAN, mechatronic

engineer

Csaba LAZAR, electrical engineer

e Margit PAJER, technician

e Zsuzsanna Brigitta SIK, bioengineer

The main goal of the Microsystems Laboratory is to research and develop integrated sensors and
sensor systems, MEMS and BioMEMS devices fabricated by silicon or polymer micro- and
nanomachining technology. The activity covers the characterisation, materials systems and technology
solutions and the development of sensing principles. The application of micromachining technology
enables the miniaturisation of analytical systems and integration of various functions of sample
preparation, sensing, readout, actuation or communication, respectively. The laboratory is focusing on the
development of mechanical, physical, chemical (and biochemical) sensors, functional micro- and
nanofluidic devices, implantable microsystems and infrared LED.

Our medium-term goal is to broaden the spectra of perspective research topics of MEMS systems and
to develop a systematic organisation and form a dynamic and growing research group in the
Microsystems Laboratory. Considering the financial environment our research directions fit to the
European and Hungarian strategic roadmaps and direct

ives (S3 - National Smart Specialisation Strategy) by the following research topics:

o Healthy society & wellbeing: BioMEMS, Lab-on-a-Chip, Organ-on-a-Chip, microfluidic

systems,
implantable, wearable devices, personal medicine, continuous monitoring, etc.

o Vehicle technologies: Driving safety sensors

o Clean and renewable energies: Low consumption electronics, sensors for energy industry,

characterisation photovoltaic systems,
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e Sustainable environment: Environment safety  sensors (water monitoring),
gas sensors (smart home, smart clothes)
e Healthy food: Food safety sensors, spectroscopy

Research group structure in the Laboratory

The development of MEMS devices requires solid design capacity and advanced cooperation among
the research and technical staffs for precise operation of the full micromachining fabrication line.
Actually, 9 researchers, 5 engineers / PhD student and 5 technicians work for the Laboratory with close
and flexible cooperation with the colleagues of the Nanosensors Laboratory.

e MEMS / smart sensors (Csaba Diics6, Ferenc Bir6, Janos Radé): The team’s primary
expertise is traditional MEMS sensor development, such as gas, environmental and mechanical
sensors with an emphasis on the technology of 3D microstructure implementation.

e BIioMEMS, medical applications (Péter Fiirjes, Csaba Diicsd, Janos Rado): Silicon based
sensor development and their electro-mechanical integration, specifically for medical
applications, are the long-term goals in this topic. The medical field demands the development of
tools in low numbers that have extensive added value, which also aligns with the European
strategic directives. The topic includes Si and flexible integrated microstructure development as
subcontractors in the NAP project.

e Lab-on-a-Chip / Organ-on-a-Chip (Péter Fiirjes, Orsolya Hakkel): The LoC and OoC
systems are essential building blocks of Point-of-Care diagnostic tools in the medical field. We
have vast experience in this topic, especially in microfluidics. Accordingly, we actively
collaborate with companies in this field (77 Elektronika Kft., Diagnosticum Zrt.) as well.

o IRLED (Zoltin Szabdé, Ferenc Bird, Istvan Réti): We fabricate and develop a few thousand
infrared LEDs per year (partners: Anton Paar, Senop). Additionally, we envisaged a larger scope
spectroscopic development and application in the frame of an actual ECSEL grant.
Environmental analytics and food safety applications could be important goals for IR
spectroscopy and other optical developments.

o Integrated systems / Heterogeous integration /IoT (Péter Foldesy): Research grants ask for a
certain level of preparedness, which usually includes demo systems (sometimes prototypes).
Therefore, the requirements of developed instruments and their electro-mechanical integration are
becoming a greater task.

o Technology, FEM / Multiphysics Modelling (Zoltan Hajnal): Modelling, such as digital twin,
is a widely applied method in engineering practice. It speeds up development and manufacturing
time of prototypes while also lowering costs. The application of these methods is not as straight
forward for the development of microstructures due to the effects of microenvironments.
However, the use of these simulations is indispensable. The group is effectively corroborating the
research and development tasks.

Infrastructure and technological competencies

This is a unique infrastructure in Hungary accordingly its sustainable operation and development is
strategic goal. The infrastructure is open for academic and industrial partners to realize complex, purpose-
designed microsystems, nanocircuits, as well as Lab-on-a-Chip devices.

The high-tech microtechnology related fabrication and characterisation systems work in a class 10
cleanroom facility. The laboratory is dedicated for 3D processing of 3” and 4” Si / glass / polymer
substrates with maximal resolution of 1um, together with lithographic mask manufacturing. Electron
beam lithography and focused ion beam (FIB) milling are also available with resolution of 20nm. The
structural design and development are also supported by multi-domain Finite-Element Modelling (FEM),
and process simulation. Wide spectra of characterisation techniques are also available: optical
(fluorescent) and electron microscopy (SEM and EDS), atomic force microscopy (AFM), profilometry,
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optical and electrical measurements, electrochemical impedance spectroscopy, microfluidic
characterisation, mechanical vibration and climate test chambers, UV / VIS / IR / FTIR spectroscopy, etc.

Available micromachining techniques:

e Patterning — mask design, laser pattern generator, photolithography, (double side) alignment,
electron beam lithography (E-Beam), Focused lon Beam processing — FIB milling,
nanoimprinting

e Structured polymer layers — PMMA, PI, SU8 patterning, micromoulding, soft lithography —
PDMS

e Wet chemistry — chemical wafer cleaning, isotropic and anisotropic etching techniques

e Dry etching — deep reactive ion etching, plasma etching techniques (DRIE, RIE)

e High temperature processes — thermal oxidation, diffusion, annealing, rapid thermal annealing
(RTA)

o Physical thin film depositions — Thermal and electron beam evaporation, DC and RF Sputtering
Chemical thin film depositions — Atmospheric and Low Pressure Chemical Vapour Deposition
(CVD, LPCVD, LTO), thermal and plasma enhanced Atomic Layer Deposition (ALD)

Liquid Phase Epitaxy of 111-V compound semiconductors (LED manufacturing)
Wafer bonding — Si-glass, glass-glass, polymer-glass anodic and thermal bonding
Chip dicing, wire bonding especially for sensor applications

Special packaging techniques and methods

Cooperations

Apart from the European and bilateral international R&D projects wide cooperative and knowledge
network was established by the large number of joint research projects with Hungarian research centres
(ATOMKI, BME, PPKE, SE, SZBK, PTE, WIGNER, SZTAKI) and research groups to perform
interdisciplinary research. We are supporting the National Quantum Technology Programme
(HunQuTech) and the National Brain Programme by our infrastructural background. Besides the
scientific projects, the Lab offers technology development services, with these industrial partners
(SEMILAB ZRt, Diagnosticum ZRt, 77 Elektronika Kft, CellSorter, Mirrotron Kft., Z-Microsystems
(Austria), Anton Paar (Austria), Senop (Finland), FRK (Poland), Philips (The Netherlands)) the higher
technology readiness levels are also achievable (TRL 2 — 6).

The technological and scientific results are directly transferred into the higher education, by means of
several lectures, laboratory practices, TDK, diploma and PhD works. Our researchers give lectures at
various departments of BME, PPKE, OE, DE, ELTE.

Major research projects
The researchers of the Microsystems Laboratory are involved in development, fabrication and
integration micro- and nanosystems, sensor structures to open new perspectives in the field of medical
diagnostics, Minimal Invasive Surgery techniques, energy-efficient autonomous systems (sensor
networks, autonomous driving). Our interest covers the topics of optical analytics (spectroscopy),
environmental and safety (gas detectors) sensors.
e A pilot line for the next generation of smart catheters and implants — POSITION-11, ECSEL
2017-2-783132
e Low power consumption-type nano-sensors for gas detection in harsh environment — Hungarian-
Russian Collaborative Research Program - 2017-2.3.4-T¢T-RU-2017-00006
e Development of the microtechnology infrastructure to achieve European compatibility - VEKOP-
2.3.3-15-2016-00010
o Development of Rapid Urine Bacteria Analyzer — VEKOP-2.2.1-16-2017-00001-,,
Versenyképességi és Kivalosagi Egylittmikddések”
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¢ Investigation of novel implant materials for high-resolution, multiparametric imaging of cortical
activity, OTKA K120143

e Application chiptechnology for improvement the success of human in vitro fertilisation —
GINOP-2.3.2-15 ,,Stratégiai K+F miihelyek kivalosaga”

e Manufacturing optrode devices applied in the NKP 17 ,National Brain Programme” -
2017_1.2.1-NKP-2017-00002

e Development and manufacturing near infrared LED devices
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Low power consumption-type nano-sensors for gas detection in harsh
environment

Hungarian-Russian Collaborative Research Program 2017-2.3.4-TéT-RU-2017-00006

F. Biro, Z. Hajnal, 1. Barsony, Cs. Diicsé

The ultimate goal of the project is to develop a novel calorimetric gas sensor family what is able to
detect CH4, NH3 and CO up to their lower explosion limits (LEL), i.e. 5, 15 and 12,5%, respectively. The
sensors can be operated in harsh environment without any risk of ignition even over LEL concentrations.
Beside the optical and electrochemical approaches and the corresponding systems, sensors operate with
catalytic-calorimetric principle are still among the dominant devices in safety systems.

The catalytic device is expected to detect lower gas concentration and exhibit better sensitivity, than the
heat-conductivity type device which is simpler and still in use in practice. Still a more sophisticated
device applies both sensors, thereby extending the detection range and improves the detection reliability.
Another advantage is the commonly used filament or micro-hotplate structure. Therefore, to develop a
micro-hotplate meets all the mechanical, electrical and chemical requirements is essential for a reliable
and commercialized device.

The activity of the Microsystems Lab can be described in 2 sections (1) Development and testing of
the final micro-hotplate structure optimized for high temperature thermal-catalytic sensing processes and
(2) Joint decision making on the selection of the final structures, components of the device for the
demonstration at the end of the project; and the construction of heat conductivity type sensing device.

The optimum layer structure of the full membrane micro-hotplate was elaborated and finalized. The
vertical structure was set to parallel provide minimum stress (~100MPa, but definitely below 200MPa),
protection of the filaments from the environment - and vice-versa! - as well as appropriate thermal and
electrical isolation. Nevertheless, the geometry of the filament is determining both in terms of lifetime
and sensor response. The catalysis requires operation at elevated temperature. Depending on the catalyst
applied it must be 500-700°C. There are two substantial issues; the temperature and its gradient along the
filament as well as along the heated area of the hotplate must be kept as low as possible, thereby the
temperature of the active hotplate surface must be uniform. Having concluded the deterioration
mechanisms we designed and processed alternative filament geometries. Thereby we tuned the geometry
of the filament to exhibit better uniformity, smaller gradient but still having large cross sections to
withstand migration related deterioration.

Using the high resolution visible pyrometry method we analysed the latest structures and found very
good temperature uniformity. The heated area exhibits less than +5 °C temperature difference at 550°C for
the appropriately tailored heater structure. This structure will be used for testing catalyst and also in the
demo devices. The targeted operation temperature is 550°C or below, which can be achieved with max.
27mW/element. We have been testing the long time performance of micro-hotplates. After 6 months
continuous operation at 600 °C the resistance change of the filament is around 1.1-1.2%, therefore we
conclude that in a Wheatstone-bridge configuration the resistance drift will be much less than the required
1%lyear.

As the heat conductivity mode is also feasible for hydrogen or higher concentration methane detection
we constructed chips for testing this operation. One of the hotplates of chips presented above was
encapsulated with a dome like Si element and vacuum-sealed around the cover and also around the
bottom of the chip. Fig. 5.1. shows the structure.
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Figure 5.1. Construction of the heat conductivity sensor. The two identical micro-hotplates (left) and on of the
hotplates are vacuum-sealed(right). The chip is mounted on a small PCB for testing.
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Thermal conductivity sensors formed from micro-heaters were tested in synthetic air-methane gas
mixture. Before test every filament was heated in synthetic air for at least 3 hours by 21 mW. Active and
reference element were connected in Wheatstone-bridge arrangement and supplied by constant voltage.
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Design and development of a 3D Flex-to-Rigid compatible force sensor
H2020-ECSEL-2017-2-783132 “POSITION-11”, 2018-2.1.6-NEMZ-ECSEL-2018-00001

J. Rado, P. Asztalos, Z. Hajnal, P. Féldesy, Gy. Molnar, P. Fiirjes, Cs. Diicsé

The main objective of the POSITION-II project is the realization of a pilot line for the fabrication of
the next generation of smart medical instruments. This second generation of smart medical instruments
offers improved performance through better sensors and transducers combined with an improved
manufacturability and lower cost. The task of our research group is to develop and demonstrate the
applicability of a capacitive force sensor integrable in the tip of an electrophysiological catheter.

The F2R compatible 3D force sensors exploit the capacitive read-out; thereby three capacitors
positioned symmetrically on a deforming membrane are needed to resolve the vector components of the
loading force. The Partners agreed upon the basic structure, i.e. a force transferring and amplifying rod
will be formed from the handle layer of the SOI wafer, whereas the deforming membrane will be the
40um thick device layer with isolated capacitors on top. Two types of surface micro-machined capacitors
will be investigated; the cavity/oxide dielectric capacitor presented by Philips in the CMUT device and an
alternative structure having an oxide/compressible PDMS dielectric (Fig.5.2). The Laboratory has to
develop the PDMS base sensor and also to adapt the CMUT like chip to force sensing purposes.

Figure 5.2. Schematic cross section of the catheter head with the fixed sensor at the tip (left). The front view of the
tip symbolises the position of the 3 capacitors (right). (The diameter of the catheter is in the mm range.)

On the basis of general geometric requirements FEM models were set to predict functional properties
of the deforming capacitor. The simplified model is applied to see the geometric changes of the capacitors
under load. In the first step the deformation vs. applied force was modelled. Following the deformation
the change of capacitance was calculated. Typical C-F responses were found to be around 0.5-1.0 pF/N.
As in this specific task the thin film membrane “sandwich” structure cannot be neglected. Nevertheless,
its aspect ratio (lateral dimensions vs. thickness of individual components) is in several orders of
magnitude, their mechanical behaviour was only simulated at a moderate level of applied forces (~0.2 N).
The elastic response of the membrane becomes more and more non-linear above that load, which would
require enormous extension of the mesh-refinement for mathematically convergent results. However, the
mechanical “real-life” behaviour can probably be considered linear at a much broader range of forces.

Parallel with modelling, the additional thin film compatible elastic PDMS processing steps were
elaborated. Due to the lateral size limitations of the capacitors the thickness of the elastic dielectric must
be definitely below 1um to exhibit capacitance in the pF range. Test structures were manufactured on SOI
wafer to verify model calculations and determine geometric constrains. The diameter of the sensor is
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varied between 300-2500um. Due to the assembly issues and the construction of force sensing
measurement setup the 2 x 2cm? test chips contain 9 sensor elements of the above lateral sizes. Force
transferring rods are formed in the handle wafer whereas the capacitors (3/sensor) and wire contacts on
the device layer. In order to limit the deformation in the PDMS layer a solid backside Si element was
bonded on the device layer side (Fig. 5.3.).

Figure 5.3. Processed test chip with 9 force sensors of different lateral geiometry. Force transferring rods in the
handle wafer (left), 9x3 capacitors on the device layer side and the supplementary Si chip with a 1um frame to
prevent membrane deformation (centre) and test chip with back-side bonded deformation limiting Si element (right).

The test chips were mounted on rigid PCB elements and measured by a manual 3D loading and force
sensing setup. The on-going measurements have proven the validity of the concept (Fig. 5.4.), however
the actual signal level is still below 1pF. It has to be increased in order to improve the signal/noise ratio
and minimize the effect of parasitic capacitances. We found measurable signals up to 100fF / sensing
elements for up to 2N load but resolving load directions is still to be improved. Due to the low
signal/noise ratio on site filtering will be a must in the final device.
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Manufacturing implantable microelectrode arrays
OTKA K120143, 2017-1.2.1-NKP-2017-00002 ,, Nemzeti Agykutatdisi Program 2.0”

A. Zatonyi, A. Horvath, A. Pongracz, A. Nagy, R. Hodovan, Z. Fekete

The PPKE “Implantable microsystems” group contributed to the development of an implantable
microelectrode array, which is able to change its Youngs-modulus from 2 GPa to 300 MPa if being
exposed to physiological temperature (see Fig. 5.5.). Besides the micromachining of the thiolene-acrylate
based microdevice, packaging of the system was optimized to meet the demands of long-term operation
in the living body. After successful electrochemical aging tests involving thiolene-acrylate neural probes,
acute in vivo recordings have been carried out and repeated from the rat hippocampus several times.

As spatial resolution tests through Parylene HT based ECoG devices using fluorescent two-photon
imaging provided promising data, the focus of experiments moved to application of the microsystem in
living subjects instead of in vitro cultures. The concurrent use of high-density electrophysiology and Ca
imaging was presented in awake mice and the dataset in both the optical and electrical domain is being
evaluated. Besides the preparation of in vivo experiments, our group made further efforts to confirm the
mechanical and electrochemical stability of these Parylene HT/ITO devices (see Fig. 5.6.).
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Figure 5.5. (a) Ready-to-use neural probe for hippocampus recording. (b) Scanning electron microscopy view on
the sidewall profile (b) on a reference recording site (c) Softening of a polymer sample upon immersion into room
temperature saline solution and heating to 37 °C. (d) Representative filtered waveform of action potentials in vivo.
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Figure 5.6. (A) transparent microECoG array made of low-autofluorescent Parylene HT substrate. (B) Schematic
figure representing the experimental design for simultaneous Ca?* imaging and electrophysiology in vivo. (C) Close
view of recording sites and wires made of sputter-deposited indium-tin-oxide. (D) Epidurally implanted microECoG

array prepared for two-photon imaging in freely moving mouse.

The group contributed to the in vitro and in vivo demonstration of a multimodal implantable actuator
(Fig. 5.7.), which comprises of monolithically integrated infrared waveguide, a temperature sensor and
electrophysiological recording sites. A coupled mechanical—optical-thermal model has been created and
validated to estimate the surrounding temperature in the deep neural tissue. During the first in vivo
experiments, controlled elevation of the background temperature using the integrated device resulted in
reversible excitation or inhibition of cellular activity depending on the targeted brain region and cell type.
[Ref. 5.3., Ref. 5.4., Ref. 5.5.]
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Figure 5.7. (a) Operation of the multifunctional probe chip designed to deliver infrared light into the neural tissue
and monitor electrophysiology concurrently. (b) Photo on the ready-to-use device (top) and microscopy image of
coupling region of the chip (bottom). Denoted parts: (1) optical connector, (2) optical fiber, (3) electrical
connector, (4) PCB, (5) silicon chip. (c) Measured spatial distribution of temperature change evoked by the
absorbed IR light around the probe shaft. (d) Representative cellular response in the cortex to IR stimulation at
various input optical power.
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Polymer based autonomous microfluidic systems for medical diagnostics

GINOP-2.3.2-15 ,,Stratégiai K+F miihelyek kivalosdga - Chiptechnologia alkalmazdsa a human in
vitro fertilizdcio eredményességének javitisaban”

O. Hakkel, A. Fiiredi, P. Hermann, L. Bato, L. lllés, P. Fiirjes

Precise and fast PoC monitoring of marker molecules or bacteria levels in body fluids or cell culture
media could be crucial in effective diagnostics and choosing therapies. Due to the specific tools and novel
microtechnology processes the cost-effective, complex but miniaturised analytical systems, such as Lab-
on-a-Chip (LoC) and microfluidic devices have become available and applicable for implementing the
overall sample analysis from the preparation to the molecular detection. The microfluidic system has to
transport the sample and the washing buffer to the active area of the chip meanwhile mix and incubate the
sample with the reagents. As the incubation and read-out needs a specified time, precise sample handling
and flow control are crucial. The perspective of our work is to develop a polymer based microfluidic
cartridge suitable to autonomously controlled sample transport or preparation for integrated bioanalytical
device.

In a previous project (Multiparaméteres Point of Care in vitro diagnosztikai rendszerek fejlesztése,
KTIA VKSZ_14-1-2015-0004) an autonomous microfluidic system was designed and manufactured for
transporting blood or plasma by precisely controlled sample rate. These autonomous sample transport
systems were integrated into Point-of-Care Lab-on-a-Chip based diagnostic devices. The developed
systems are to be applied for detection cardiovascular diseases in cooperation with 77 Elektronika Ltd.
Based on these results we are developing Lab-on-a-Chip based diagnostic device for a specific project of
the University of Pécs dedicated to support human in-vitro fertilisation with the 77 Elektronika Ltd. In the
actual period the geometry of the microfluidic systems was modified according to the additional
requirements of the optical detection method and the real sample. Accordingly a new, actualised
microfluidic structure was designed (see Fig. 5.8) to be compatible with the applied bioanalytical
specifications (targeted detection limits, surface blocking, etc.):

Figure 5.8. The autonomous microfluidic cartridge proposed for transport culture media applied in human in-vitro
fertilisation (left) and its microstructure (SEM image).

The material composition of the pre-industrial / laboratory stage cartridge was optimised according to
the required sample flow rate, the optical and mechanical properties. The embedding protocol of PDMS-
PEO molecules was optimised considering the applied molecular weight, concentration and the physical
parameters of the PDMS polymerisation process (temperature, time, surface treatments of the molding
master). The long term stability of the modification is continuously verified. According to the project
requirements the geometry and the fabrication protocol will able to be improved.
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Microfluidic sample preparation system for rapid urine bacteria analysis
VEKOP-2.2.1-16-2017-00001

A. Banyai, O. Hakkel, P. Hermann, Zs. B. Sik, Z. Hajnal, P. Fiirjes

The goal was to develop a single-channel microfluidic cartridge for certain subtasks of sample
preparation and handling, which then can be integrated into a measuring instrument. During the optical
measurements of bioanalytical tests, the sample handling is solved in an integrated Lab-on-a-Chip
cartridge. The cartridge includes transport and filtration of the liquid sample, positioning of bacteria in the
detection chamber over the sensing layer, and a microfluidic component for storage of used sample.
Accordingly, we focused our attention to develop a passive hydrodynamic unit that is capable of filtering
larger elements (>6um) in urine samples and positioning permeated bacteria laterally. In order to achieve
this goal, we designed and characterized such units. Simultaneously, single-channel cuvettes were made
to test the optical system with the sample solution.

1. The previously designed DLD (deterministic lateral displacement) structures were modified,
manufactured and analysed their flow profile with finite element method in COMSOL Multiphysics.

2. A so-called crossflow type filtration system was designed and implemented that is more
advantageous regarding high-speed fluid handling. This system provides a continuous mechanical
filtration in a microfluidic environment due to its longitudinal arrangement. Conclusions were based
on the efficiency of each of the separation geometry.

3. The lateral focusing of the bacteria was accomplished by a hydrodynamic method. The focusing
depends on the particle to channel size ratio, which was investigated in an asymmetric fluidic system
with variable parameters and special geometry.

4. Single-channel cuvettes were made to optimize the optical measurements. The design advanced over
several iterations in order to sufficiently detect the bacteria in the sample solution. The flow profiles
were analysed with finite element method and experimentally.

Size dependent sorting of components is essential for effective sample preparation in Lab-on-a-Chip
systems. Our goal is to achieve separation of bacteria from residues of urine having diverse sizes, shapes.
DLD microchannels were fabricated by soft lithography with six pillar cross-sections: circle, square and
triangles with various orientations to test the separation efficiency depending on their shape and
arrangement (Fig. 5.9.).
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Figure 5.9. Layout and pillar types of the proposed DLD structure.



MFA Yearbook 2019 81

A suspension of fluorescently labelled microbeads (with 16.5 and 20.4 um diameters) and Human
Serum Albumin (FITC-HSA) were focused between buffer fluids in the device. The separation
efficiencies of the individual structures were quantified by the range of bead-deflection from the centred
flow. Molecular diffusion was captured by recording the concentration of the diluted FITC-HSA along
the channel. Pillars' shape and configuration strongly influence not only the DLD effect, but the
concentration profiles determined mainly by diffusion in laminar flow. Deflection of particles and
spreading of focused sample stream were explained by FEM simulation considering the pressure
distribution and transversal flow generated by inhomogeneous hydrodynamic resistance due to
asymmetries as presented in Fig. 5.10.
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Figure 5.10. FEM simulation of the flow characteristics in different DLD separation systems.

The effects of pillar geometry in microfluidic DLD systems were analysed experimentally and
simulated by FEM regarding their separation efficiency. Deflection of particles and spreading of the
focused sample stream were recorded and explained by theoretical considerations.
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Figure 5.11. Experimental characterisation of the separation efficiency of the square shaped pillar based DLD
microfluidic structure. Bead diameter: 16.5um (white) / 20.4um (red) (in the right fluorescent picture).

In order to handle the liquid sample with high-speed in the corresponding volume, the application of
crossflow type separation / filtration system proved to be beneficial. The crossflow system achieves a
continuous mechanical filtration within a microfluidic environment. The size of the permeable particles
determines the geometry of the microchannels, which then filters any particle that is larger in size.
Moreover, the longitudinal arrangement allows larger sample volumes without clogging. We tested
several geometrically variant separation structures with fluorescent microbeads (diameter ranging from
4.8 um to 15.8 um) and different flow velocities.

d= 15,8 um (purple)

outlet

d=4,8 um (green)

Figure 5.12. Size dependent filtration of different fluorescent beads in cross-flow type microfluidic separation
system (at 3uL/s flow rate).

More efficient filtration achieved at lower flow velocities in the structures, where the surface of the
filter is parallel to the flow direction. While the filter surface is less prone to clogging, and bubble
trapping. Similar efficiency can be achieved at higher flow velocities in structures, where the surface of
the filter is perpendicular to the flow direction. The system is less sensitive to bubble formation; however,
clogging is strongly dependent on the particle concentration and saturation is quick.

After filtering every larger component of the urine sample, the permeated bacteria must be vertically
and possibly laterally focused in the detection chamber in order to achieve high trapping efficiency on the
functionalized surface. The lateral focusing was achieved by a hydrodynamic method. The efficiency of
the hydrodynamic focusing depends mainly on the characteristics of the fluidic system and on the particle
to channel size ratio. The position of the particle within the flow profile is determined by forces acting on
the particle in the fluidic system. The focusing was carried out in an asymmetric microfluidic system with
alternating geometric parameters. Fluorescent beads were used in order to mimic the size range of the E.
coli bacteria. The efficiency of the focusing increased with both the flow velocity and the growing
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inhomogeneity of the alternating geometric structure (Fig. 5.13). The behaviour of the microfluidic
systems was characterized by finite element methods as well (Fig. 5.14.). [Ref. 5.7., Ref. 5.8., Ref. 5.9.]

Figure 5.13. Lateral focusing of fluorescent microbeads (d = 4.8um) in asymmetrically altering microfluidic
channels affected by the flow rate and asymmetry parameter (lateral size of the constrains of the channel).
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Microfluidically integrated SERS active cell trap array
for analysis red blood cells

O. Hakkel, R. Ocsi, Zs. Zolnai, I. Rigo6 (Wigner FKK), M. Veres (Wigner FKK), P. Fiirjes

Surface Enhanced Raman Scattering (SERS) is applied to enhance the Raman signal by several orders
of magnitude and significantly improve the sensitivity of the ordinary scattering method. As a result of
the electromagnetic enhancement emerging in the vicinity of metallic nanostructures the sensitivity of
molecule detection can achieve attomolar concentrations. Thus by using this method efficient detection
method can be developed for the analysis of low concentration biological samples assuming that sample
transport and preparation system is also integrable. In our case the 3D SERS active structure is
simultaneously forming the cell trapping array of the microfluidic system, in line with the concept
presented previously.

According to our approach a perforated membrane of tailored size and shape was prepared to be
applicable for cell entrapment and highly sensitive detection of molecular components also. Arrays of
periodic inverse pyramids were prepared in the Sum thick device layer of SOI (silicon-on-insulator)
wafers. The 3D structure was shaped by alkaline etching after development of appropriate masking
pattern. By the definition of the initial pattern and the device layer thickness the geometry of the truncated
pyramids could be fitted to the estimated cell size. Vertical microchannels were revealed by etching away
the back-side handler silicon and buried oxide and coated with a 50nm thick evaporated layer of gold.
The resulted structure was used as an array of particle traps and SERS substrate simultaneously.
Additional sample injection microfluidic channels were formed over the SERS substrate to support the
blood transport to the sensing area. Normal blood sample was diluted and injected onto the 3D structure
and RBCs were captured on its surface and in the perforated inverse pyramids. The lateral distribution of
the cells was characterized by bright field microscopy and later by scanning electron microscopy (SEM)
as presented in Fig. 5.15.

Figure 5.15. SEM image of the entrapped RBCs on the SERS substrate. The empty wells are filled by plasma. Note,
that the structure was covered with a 50nm Au layer before SEM microscopy.
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Trapped RBCs and blood plasma were also analysed on the flat gold surface and in the inverse
pyramid structures by Raman spectroscopy. Centrifuged blood plasma was also analysed on a specific
SERS substrate, where the hierarchically combined micro- and nanostructures achieve significant SERS
enhancement. The SERS spectra of the RBC and blood plasma were compared. The differential spectrum
is demonstrated and the most relevant molecular components of the Red Blood Cells are indicated in Fig.
5.16. The primary component of the RBCs is the hemoglobin molecule which has significant resonant
peaks at: 570cm™ (FeO,), 670cm™ and 750cm™ (pyrrole), 820cm™ and 1550cm™ (tyrosine and
phenylalanine), 1227cm™ (CH group of hemoglobin). These peaks refer to the major molecular
components of the RBCs, as membrane lipids, hemoglobin, etc. The applicability of special perforated
periodic 3D SERS structure was demonstrated for simultaneous cell trapping and sensitive Surface-
Enhanced Raman Spectroscopy based detection of characteristic molecular vibrations of the blood and
red blood cell components. [Ref. 5.10., Ref. 5.11]
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Figure 5.16. Differential SERS spectrum of the RBC and plasma, obtained by subtraction of normalized plasma
SERS spectrum from RBC SERS spectrum. Peaks at: 570cm™ (FeO,), 670cm™ and 750cm™ (pyrrole - pyr), 820cm™
and 1550cm™ (tyrosine - tyr and phenylalanine), 1227cm™ (CH group of hemoglobin).
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Modelling and analysing of fluid dynamic phenomena in two-phase
microfluidic systems

Zs. Szomor, Z. Hajnal, P. Fiirjes

We are facing many problems that necessitate moving, manipulating, sorting, counting or analysing
localised cells and particles with commensurate dimensions. The response of the individual cells to
physical and chemical effects can be precisely analysed in the cell-size scale micro-environment. Two-
phase microfluidic systems can create such a specific environment by generating monodisperse
microemulsions as cell traps. The long-term goal of our research is to design and create a microfluidic
system that generates a specific chemical environment in cell-size trapping in containers. However,
understanding and designing physical processes on the microscale is quite challenging, thus deeper
characterisation of the behaviour of the fluids in such environment is crucial. During the work, we have
investigated the design, preparation and analysis of two-phased microfluidic devices, being able to
generate controlled microdroplets and change the chemical environment within them.

Two-phase microfluidic systems have been manufactured by soft lithography technology in
Polydimethylsiloxane (PDMS) polymer. A stable emulsion of an oil and water phase was prepared in the
devices and the influence of the hydrodynamic and geometric parameters on the droplet sizes was
determined.

Figure 5.17. Droplet generation in junction type two-phase microfluidic system in case different flow rates of the
dispersed (water) and continuous (oil) phase. The applied flow rates are: water — 0.1ul/s / 0il — 0.3ul/s (left) and
0.4ul/s (right).
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The key parameters of the droplet formation have also been studied by finite element modelling
(FEM) and simulations, using available standard methods of multiphase dynamics in Comsol
Multiphysics. The influence of volume flow ratio at the inlets, viscosity of the fluids, and interface
tension were determined in successive parametric sweep simulations as presented in Fig. 5.18. The
advantages and disadvantages of the different design geometries haves been revealed also. [Ref. 5.12.]
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Figure 5.18. Influence of the interface tension and flow rate ratios on the droplet formation process (droplet size) —
FEM simulation.
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Near InfraRed LED devices for spectroscopic applications: Development and
small scale production of near infrared LEDs and LED based devices

F. Biro, I. Réti, G. Battistig, Z. Szabo

Infrared spectroscopy is a very popular measurement technique especially in food industry,
pharmaceutical industry and agriculture for the detection and measurement of organic materials. The -
OH, -NH and -CH functional groups found in organic substances can frequently be detected by
spectroscopy through absorbance measurements at the resonance wavelength of valence-bond vibrations.
The measured wavelengths are 4-2.5um, while the signal to noise ratio of photon detectors is low due to
moderate thermal noise at room temperature. The 1st-3rd harmonic absorption bands are located in the
range of the near infrared (NIR), where smaller signals can be measured effectively in practice. NIR
LEDs have narrow wavelength, therefore they are suitable for measurements at given wavelength. Further
advantages of LEDs compared to incandescent lamps are their small dimensions, high efficiency, and low
power consumption, which is critical in small handheld devices.

GalnAsP/InP is an ideal material system for the fabrication of double heterostructure devices as the
emission wavelength is easily tuneable between 0.950-1.650 um. As InP has higher bandgap than the
lattice-matched GalnAsP active layer the absorption losses inside the device structure can be minimized.
In order to tune the emission wavelength of the LED, the composition of the semiconductor light-emitting
layer has to be properly set. When a secondary or multi-peak emission is preferred e.g. in spectroscopic
applications, various solid-state solutions can be considered:

1. Application of LED array of different single-peak emissions to cover the whole spectrum or emit at
specific peaks the application requires. This approach is widely known and viable, however it suffers
from geometric constrains and also from the different temperature dependence of emission of each
LED. This makes the intensity control complicated.

2. A more viable solution is our novel single chips what exhibit multiple emission peaks. As we
demonstrated earlier (patent pending and publications in 2017) the source of the primary
electroluminescent light is the active layer of the diode, but this light also excites a second smaller
band gap layer, thereof producing secondary light by photoluminescence. The key element of chip
production is liquid-phase epitaxy. Our recent and ongoing development is twofold: Demonstration a
measuring technique using double-wavelength LED as light source and wavelength-selective
photodiodes as photodetectors.

The photodiodes were fabricated similarly to the NIR LEDs and mounted in a single TO-package.
We have chosen ethanol-water system and matching wavelengths to certain -OH and -CH absorption
peaks to be able to measure ethanol concentration with 0.1% resolution. Fig. 5.19. represents the
transmission spectra of EtOH-H,O mixtures as illuminated by a double peak LED.

Moreover, the modified LEDs can be used as photodiodes with proper cut-off at the required
wavelength. Also the proper modification of the double-peak LED provides a selective narrow band
photodiodes. Demonstration device have constructed using double wavelength LED, two photodiodes in
single TO-package and custom-made analogue and digital electronics. The sealed sensor head
containing the light source, the photodiodes and a mirror in trans-reflectance configuration sinks in the
measured liquid. [Ref. 5.13.]
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Figure 5.19. Transmission spectra of water-ethanol mixtures illuminated by a double peak single-chip LED (light
blue) (left) and the demonstration device for selective spectroscopic application using dual-wavelength LED (right).

The feasibility of both the 3- and 4-peak single chip LEDs were successfully demonstrated and the
early results were presented in the E-MRS 2019 Spring Meeting (Fig. 5.20.). However, the reliable
fabrication technology is still under development before entering in the market. The promise is to be able
to produce a wide band (1000-1700nm) NIR LED with excellent optical and thermal parameters.
Manufacturing wide spectra point-like light source opens the way towards miniature spectroscopic
devices.
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Figure 5.20. Emission spectrum of the fabricated single LED chip emitting at 4 different wavelengths.
Our business partners are SENOP Oy (Fi) and Anton Paar Ltd. (At). Another Canadian tech company

is also interested in high power single emission peak LEDs of the upper wavelength regime for solar
simulator purposes.
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Nanobiosensorics Momentum Group

Head: Robert HORVATH, Ph.D., Senior Scientist

Research Staff Ph.D. students / Diploma workers
e Robert HORVATH, Ph.D. e Eniké FARKAS, Ph.D. student
o Sandor KURUNCZI, Ph.D. . Agoston NAGY, Ph.D. student
e Inna SZEKACS, Ph.D. e Tamas GERECSEIL Ph.D. student
e Beatrix PETER, Ph.D. e Kristof KLIMENT, Ph.D. student
e Boglarka KOVACS, Ph.D. e Milan SZTILKOVICS, M.Sc. student
e Andras SAFTICS, Ph.D. e Kinga Doéra KOVACS, M.Sc. student
e Zoltan SZITTNER, Ph.D. e Balint KOVACS, M.Sc. student
e Nicolett KANYO, M.Sc. e Norbert PAP, B.Sc. student
e FEleonora HATY, M.Sc. e Robert TARR, B.Sc. student
e Péter CHRENKO, M.Sc. student

The research profile of the Nanobiosensorics Group is related to the development and application of
label-free optical biosensors and the mathematical modeling of the relevant biological and biophysical
processes. Building on their broad national and international collaborative network the group conducts
research in the fields of instrument development, monitoring of cell secreted extracellular vesicles,
development of protein-based functional coatings, adhesion studies on human cancer and immune cells,
and theoretical modeling. In 2014, the application for an ERC Consolidator Grant by the head of the
research group received “qualification category A (fully meets the ERC excellence criteria and should be
funded if sufficient funds are available)” after the interview in Brussels, but the funding line did not reach
this proposal due to budgetary constraints. However, using this achievement the Group could successfully
apply for funding from NKFIH in the framework of the ERC_HU call. In the framework of this project
they aim single cell manipulation and label-free sensing. Building on this expertise, in 2018 they won an
Elvonal (NKFIH, OTKA KKP129936) research project for single cell biosensing. The research group
also conducts industry oriented research on bacteria sensing (NKFIH, VEKOP-2.2.1-16-2017-00001).
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Adhesion force measurements on functionalized microbeads: An in-depth
comparison of computer controlled micropipette and fluidic force microscopy

UNKP-18-3, LP2012-26/2012 Lendiilet, OTKA KKP129936, OTKA KH126900,
OTKA ERC_HU117755

T. Gerecsei, I. Erdodi, B. Peter, Cs. Hos, S. Kurunczi, 1. Derényi, B. Szabo, R. Horvath

Characterization of the binding of functionalized microparticles to surfaces with a specific chemistry
sheds light on molecular scale interactions. Polymer or protein adsorption are often monitored by colloid
particle deposition. Force measurements on microbeads by atomic force microscopy (AFM) or optical
tweezers are standard methods in molecular biophysics, but typically have low throughput. Washing and
centrifuge assays with (bio)chemically decorated microbeads provide better statistics, but only qualitative
results without a calibrated binding force or energy value. In the present work we demonstrate that a
computer controlled micropipette (CCMP) is a straightforward and high-throughput alternative to
guantify the surface adhesion of functionalized microparticles. However, being an indirect force
measurement technique, its in-depth comparison with a direct force measurement is a prerequisite of
applications requiring calibrated adhesion force values. To this end, we attached polystyrene microbeads
to a solid support by the avidin-biotin linkage. We measured the adhesion strength of the microbeads with
both a specialized robotic fluid force microscope (FluidFM BOT) and CCMP. Furthermore, the bead-
support contact zone was directly characterized on an optical waveguide biosensor to determine the
density of avidin molecules. Distribution of the detachment force recorded on ~50 individual beads by
FluidFM BOT was compared to the adhesion distribution obtained from CCMP measurements on
hundreds of individual beads. We found that both methods provide unimodal histograms. We conclude
that FluidFM BOT can directly measure the detachment force curve of 50 microbeads in 150 min. CCMP
can provide calibrated binding/adhesion force values of 120 microbeads in an hour. Schematic illustration
of the mentioned methods is in Fig.6.1. [Ref.6.1.].
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Figure 6.1. Schematic illustration of the methods. Adhesion force measurements on microbeads were performed by
using computer controlled micropipette (CCMP) and Fluidic force microscopy. The obtained results by-the two
techniques had been compared.
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Spring constant and sensitivity calibration of FluidFM micropipette
cantilevers for force spectroscopy measurements

LP2012-26/2012 Lendiilet, OTKA KKP129936, OTKA KH126900, OTKA ERC _HU117755

A G. Nagy, J. Kaman, R. Horvath, A. Bonyar

FluidFM technique can be considered as the nanofluidic extension of the atomic force microscope
(AFM). Schematic illustration of the method is in Fig 6.2. This novel instrument facilitates the
experimental procedure and data acquisition of force spectroscopy (FS) and is also used for the
determination of single-cell adhesion forces (SCFS) and elasticity. FluidFM uses special probes with an
integrated nanochannel inside the cantilevers supported by parallel rows of pillars. However, little is
known about how the properties of these hollow cantilevers affect the most important parameters which
directly scale the obtained spectroscopic data: the inverse optical lever sensitivity (InvOLS) and the
spring constant (k). The precise determination of these parameters during calibration is essential in order
to gain reliable, comparable and consistent results with SCFS. Demonstrated by our literature survey, the
standard error of previously published SCFS results obtained with FluidFM ranges from 11.8% to 50%.
The question arises whether this can be accounted for by biological diversity, or this may be just the
consequence of improper calibration. Thus the aim of our work was to investigate the calibration
accuracy of these parameters and their dependence on: (1) the aperture size (2, 4 and 8 um) of the hollow
micropipette type cantilever; (2) the position of the laser spot on the back of the cantilever; (3) the
substrate used for calibration (silicon or polystyrene). It was found that both the obtained InvOLS and
spring constant values depend significantly on the position of the laser spot. Apart from the theoretically
expectable monotonous increase in InvOLS (from the tip to the base of the cantilever, as function of the
laser spot’s position), we discerned a well-defined and reproducible fluctuation, which can be as high as
+30%, regardless of the used aperture size or substrate type. The calibration of spring constant also
showed an error in the range of —13/+20%, measured at the first 40 um from the tip of the cantilever.
Based on our results a calibration strategy is proposed. The optimal laser-spot position which yields the
most reliable spring constant values was determined and found to be on the first pair of pillars. The
proposed method helps in reducing the error introduced via improper calibration and thus increases the
reliability of subsequent cell adhesion force or elasticity measurements with FluidFM [Ref.6.2.].
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Figure 6.2. lllustration of the laser beam reflection based optical setup of the FluidFM system.
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A practical review on the measurement tools for cellular adhesion force

LP2012-26/2012 Lendiilet, OTKA KKP129936, OTKA KH126900, OTKA ERC HUI117755,
PD 124559, Bolyai Scholarship

R. Ungai-Saldanki, B. Peter, T. Gerecsei, N. Orgovan, R. Horvdth, B. Szabo

Cell—cell and cell-matrix adhesions are fundamental in all multicellular organisms. They play a key
role in cellular growth, differentiation, pattern formation and migration. Cell-cell adhesion is substantial
in the immune response, pathogen-host interactions, and tumour development. The success of tissue
engineering and stem cell implantations strongly depends on the fine control of live cell adhesion on the
surface of natural or biomimetic scaffolds. Therefore, the quantitative and precise measurement of the
adhesion strength of living cells is critical, not only in basic research but in modern technologies, too.
Several techniques have been developed to quantify cell adhesion. All of them have their pros and cons,
which has to be carefully considered before the experiments and interpretation of the recorded data. The
current review provides guidance to choose the appropriate technique to answer a specific biological
question or to complete a biomedical test by measuring cell adhesion (Fig.6.3.) [Ref.6.3.].
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Figure 6.3. Assays to measure cell adhesion and traction. These techniques are discussed in the review article.
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Modeling of label-free optical waveguide biosensors with surfaces covered
partially by vertically homogeneous and inhomogeneous films

LP2012-26/2012 Lendiilet, OTKA KKP129936, OTKA KH126900, OTKA ERC_HU117755

B. Kovacs, R. Horvath

Optical Waveguide Lightmode Spectroscopy (OWLS) is widely applied to monitor protein adsorption,
polymer self-assembly, and living cells on the surface of the sensor in a label-free manner. Typically, to
determine the optogeometrical parameters of the analyte layer (adlayer), the homogeneous and isotropic
thin adlayer model is used to analyze the recorded OWLS data. However, in most practical situations, the
analyte layer is neither homogeneous nor isotropic. Therefore, the measurement with two waveguide
modes and the applied model cannot supply enough information about the parameters of the possible
adlayer inhomogeneity and anisotropy. Only the so-called quasi-homogeneous adlayer refractive index,
layer thickness, and surface mass can be determined. In the present work, we construct an inhomogeneous
adlayer model (Fig.6.4.). In our model, the adlayer covers the waveguide surface only partially and it has
a given refractive index profile perpendicular to the surface of the sensor. Using analytical and numerical
model calculations, the step-index and exponential refractive index profiles are investigated with varying
surface coverages from 0 to 100%. The relevant equations are summarized and three typically employed
waveguide sensor structures are studied in detail. We predict the errors in the calculated optogeometrical
parameters of the adlayer by simulating the OWLS measurement on an assumed inhomogeneous adlayer.

We found that the surface coverage has negligible influence on the calculated refractive index for film
thicknesses below 5 nm; the calculated refractive index is close to the refractive index of the adlayer
islands. But the determined quasi-homogeneous adlayer refractive index and surface mass are always
underrated; the calculated quasi-homogeneous thickness is heavily influenced by the surface coverage.
Depending on the refractive index profile, waveguide geometry, and surface coverage, the thickness
obtained from the homogeneous and isotropic modelling can possess negative and largely overestimated
values, too. Therefore, experimentally obtained unrealistic adlayer values, which were dismissed
previously, might be important indicators of the layer structure [Ref.6.4.].
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Figure 6.4. The structure of the modelled OWLS waveguide chips with inhomogeneous adlayer. The modelled
multilayered assembly consists of 4 layers: substrate, waveguide film, adlayer, and cover.
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Biomimetic Dextran-Based Hydrogel Layers for Cell Micropatterning over
Large Areas Using the FluidFM BOT Technology

LP2012-26/2012 Lendiilet, OTKA KKP129936, OTKA KH126900, OTKA ERC_HU117755,
OTKA FK128901, Bolyai Scholarship

A. Saftics, B. Tiirk, A. Sulyok, N. Nagy, T. Gerecsei, 1. Székacs, S. Kurunczi, R. Horvath

Micropatterning of living single cells and cell clusters over millimeter—centimeter scale areas is of
high demand in the development of cell-based biosensors. Micropatterning methodologies require both a
suitable biomimetic support and a printing technology. In this work, we present the micropatterning of
living mammalian cells on carboxymethyl dextran (CMD) hydrogel layers using the FluidFM BOT
technology (Fig.6.5.). In contrast to the ultrathin (few nanometers thick in dry state) CMD films generally
used in label-free biosensor applications, we developed CMD layers with thickness of several tens of
nanometers in order to provide support for the controlled adhesion of living cells. The fabrication method
and detailed characterization of the CMD layers are also described. The antifouling ability of the CMD
surfaces is demonstrated by in situ optical waveguide lightmode spectroscopy measurements using serum
modeling proteins with different electrostatic properties and molecular weights. Cell micropatterning on
the CMD surface was obtained by printing cell adhesion mediating cRGDfK peptide molecules
(cyclo(Arg-Gly-Asp-d-Phe-Lys)) directly from aqueous solution using microchanneled cantilevers with
subsequent incubation of the printed surfaces in the living cell culture. Uniquely, we present cell patterns
with different geometries (spot, line, and grid arrays) covering both micrometer and millimeter—
centimeter scale areas. The adhered patterns were analyzed by phase contrast microscopy and the
adhesion process on the patterns was real-time monitored by digital holographic microscopy, enabling to
quantify the survival and migration of cells on the printed cRGDfK arrays [Ref.6.5.].
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Figure 6.5. Method used for cell adhesion experiments on the cRGDfK-printed CMD surface, where microprinting
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MFA Yearbook 2019 96

Oxidization increases the binding of EGCG to serum albumin revealed by
kinetic data from label-free optical biosensor with reference channel

LP2012-26/2012 Lendiilet, OTKA KKP129936, OTKA KH126900, OTKA ERC _HU117755

B. Péter, A. Saftics, B. Kovdcs, S. Kurunczi, R. Horvath

Epigallocatechin-gallate (EGCG) is the main polyphenol ingredient of green tea. This compound is a
strong antioxidant and oxidizes easily. Numerous studies demonstrated its beneficial effects on the human
health, for example its anticancer and anti-inflammatory activity. In the body, EGCG is transported by
serum albumin. EGCG easily oxidizes and the interactions of the oxidized form presumably present
significant differences. However, the presence of oxidized EGCG is usually neglected in the literature and
its effects have not been investigated in detail. Here, we applied the label-free grating coupled
interferometry method that performs dual-channel measurements. The measured kinetic signal can be
compensated with a signal of a reference channel at each measurement time (Fig.6.6.). By testing both
hydrophilic and hydrophobic platforms, we found that EGCG can bind to a wide range of surfaces.
Exploiting the dual-channel referencing ability as well as the unique sensitivity and throughput of the
employed label-free technique, the experiments revealed the specific interactions between bovine serum
albumin (BSA) and EGCG and determined the characteristic dissociation constant (K4) of the binding
equilibrium. The obtained binding constants were compared to literature values, showing reasonable
agreement with NMR data. Besides the native EGCG, the oxidized form of EGCG was also examined,
whose binding behaviors to serum albumins have never been studied. Over-stoichiometric binding
obtained; BSA has stronger and weaker binding sites, which could be characterized by two separate Kq
values. Furthermore, EGCG oxidization increased the bound amount [Ref.6.6].
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Figure 6.6. The sensor chips used in the WAVE instrument have two channels; one for measuring the interaction
between the immobilized bioreceptor and the analyte (measuring channel, channel 1) and one for subtracting the
channel 1 signal by a reference signal (reference channel, channel 2). In our case, BSA was immobilized on channel
1 surface, while channel 2 remained unmodified.
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In vitro SOD-like activity of mono- and di-copper complexes with a
phosphonate substituted SALAN-type ligand

LP2012-26/2012 Lendiilet, OTKA KKP129936, OTKA KH126900, OTKA ERC_HU117755,
OTKA FK128901, Bolyai Scholarship

1 Székacs, P. Tokarz, R. Horvath, K. Kovacs, A. Kubas, M. Shimura, J. Brasun, V. Murzing, W.
Caliebe, Z. Szewczuk, A. Paluch, L. Wojnarovits, T. Toth, J. S.Pap, L. Szyrwiel

SALEN- and SALAN-based complexes with catalytically active metal centers are very promising
small molecules to be utilized as part of antioxidant therapies. Here we discuss a modified SALAN-type
molecule armed with two phosphonate groups that significantly increase its water solubility and aid to
furnish mono- or di-nuclear complexes with Cu?* ions. The regulation of the SOD-mimicking (i.e.,
catalytic) disproportionation reaction of the superoxide radical anion (O, *—) at pH ~7.5 could be
achieved by adjusting the metal-to-ligand stoichiometry as confirmed by McCord-Fridovich and pulse
radiolysis tests. The higher antioxidant activity of the dicopper complex can be explained by the better
access of O, *— to the copper centers and their more positive Cu(l1)/Cu(l) redox potential. Simultaneously
the analysis of in vitro effect on cells morphology (Fig.6.7.) indicates that cytotoxicity is also affected by
the metal-to-ligand ratio, however, the active complex molecules do not show notable cytotoxicity that,
together with the observed SOD-like activities, makes them potential candidates for antioxidant therapies
[Ref.6.7.].
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Figure 6.7. Response of the MC3T3-EL1 cells to the treatment with Cu-complexes detected with Epic BT (a). Phase
contrast images (scale bar: 50 um) show morphology of cells on the biosensor surfaces after 24 h incubation with
tested compounds (b).
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An improved 96 well plate format lipid quantification assay for
standardisation of experiments with extracellular vesicles

LP2012-26/2012 Lendiilet, OTKA KKP129936, OTKA KH126900, OTKA ERC _HU117755

T. Visnovitz, X. Osteikoetxea, B. W. Sodar, J. Mihaly, P. Lérincz, K. V. Vukman, E. A. Toth, A.
Koncz, I Székadcs, R. Horvath, Z. Varga, E. I. Buzas

The field of extracellular vesicles (EVS) is an exponentially growing segment of biomedical sciences.
However, the problems of normalisation and quantification of EV samples have not been completely
solved. Currently, EV samples are standardised on the basis of their protein content sometimes combined
with determination of the particle number. However, even this combined approach may result in
inaccuracy and overestimation of the EV concentration. Lipid bilayers are indispensable components of
EVs. Therefore, a lipid-based quantification, in combination with the determination of particle count
and/or protein content, appears to be a straightforward and logical approach for the EV field. In this
study, we set the goal to improve the previously reported sulfo-phospho-vanillin (SPV) lipid assay. We
introduced an aqueous phase liposome standard (DOPC) to replace the purified lipid standards in organic
solvents (used commonly in previous studies). Furthermore, we optimised the concentration of the
vanillin reagent in the assay. We found that elimination of organic solvents from the reaction mixture
could abolish the background colour that interfered with the assay. Comparison of the optimised assay
with a commercial lipid kit (based on the original SPV lipid assay) showed an increase of sensitivity by
approximately one order of magnitude. Thus, here we report a quick, reliable and sensitive test that may
fill an existing gap in EV standardisation. When using the optimised lipid assay reported here, EV lipid
measurements can be more reliable than protein-based measurements. Furthermore, this novel assay is
almost as sensitive and as easy as measuring proteins with a simple BCA test (Fig.6.8) [Ref.6.8.].
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Figure 6.8. Correlation between the lipid and protein concentrations of EVs with the “bare surface signal” of an
EPIC optical biosensor. Correlation between the EPIC “bare surface signal” and the lipid concentration (a) and

the protein concentration (b). Small EVs were isolated from serum-free conditioned medium of THP-1 cells. Data
points are average of three replicates, error bars represent SD.
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Thin Film Physics Department

Head: Dr. Katalin BALAZSI, Ph.D., senior scientist

Research Staff:

The main research topics are in line with modern trends of materials science with the respect to a 50
years long history of the department. In 2019, the important base research field was the development of
the thin films, especially, modern semiconductor layers, hetero transitions and 2D semiconductor layers

Ildik6 CORA, Ph.D.

Zsolt CZIGANY, D.Sc.

Zsolt FOGARASSY, Ph.D.

Ménika FURKO

Viktoria KOVACSNE-KIS, Ph.D.

Janos LABAR, D.Sc.

Riku LOVICS, Ph.D., left in October
Fanni MISJAK, Ph.D., left in October
Nikolett OLAH left in November

Béla PECZ, D.Sc., deputy general director of
Centre for Energy Res., MFA director
Gyorgy Zoltan RADNOCZI, Ph.D.
Gyorgy SAFRAN, C.Sc.

Attila SULYOK, Ph.D.

Fruzsina SZIRA, Ph.D. left in May
Orsolya TAPASZTO, Ph.D.

Lajos TOTH, C.Sc., retired in September
Arpéd BARNA, D.Sc., Prof. emeritus
Péter B. BARNA, D.Sc., Prof. emeritus
Gyorgy GERGELY, D.Sc., Prof. emeritus.
Miklés MENYHARD, D.Sc., Prof. emeritus
Gyorgy RADNOCZI, D.Sc., Prof. emeritus

Ph.D. students:

Erzsébet DODONY

Klara HAJAGOS-NAGY (maternity leave)

Nikolett HEGEDUS

Tamas KOLONITS

Adél RACZ

Haroune Rashid BEN ZINE (Hungaricum

stipendium)

e Soukaina LAMNINI (Hungaricum
stipendium)

¢ Mohamed AFROIU (Hungaricum
stipendium)

Technical Staff:

Andrea J. FENYVESINE

Valéria OSVATH (maternity leave)
Tamas ZAGYVA (leave from October)
Noémi SZASZ

Sandor GURBAN

Andor KOVACS

Viktor VARGA

The scientific results of the Thin Film Physics Department are related to thin film and ceramic fields.

supported by several international basic scientific projects and collaborations.

Basic and applied research of ceramics, as another important research line, was continued. SizN4 / multi-
layered graphene and different calcium phosphate based bioceramics were developed as framework of
the research projects. Finally, as uniqueness of the Department (in national and international level) was
the transmission electron microscopy. The effect of the structure on the developed materials properties
was demonstrated by a TEM study and they showed that the optimal structure could be achieved in a

controlled way. All topics supported by methodical developments based on electron diffraction.
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In 2019, 51 papers appeared in refereed journals with a cumulative impact factor of 142. In addition, 7
papers in conference proceedings were published with no impact factor. Members of the group presented
6 invited lectures, 28 oral talks and 9 posters at national and international conferences and filed one
patent. The group received 2132 independent citations in the examined interval of the last two years.
Members of Thin Film Physics Department organized the International Workshop on Woman in Ceramic
Science —the JECS TRUST event of the European Ceramic Society - in Budapest between April 7 and 9.

Research members of the group lectured three courses at universities and four member held laboratory
practices. All courses were for full semester (E6tvos Lorand University - ELTE, and Budapest University
of Technology and Economics - BME, and Obuda University - OE). In addition, 12 PhD students were
supervised 4 of them successfully defended her/his PhD thesis.

Social activity of the group is landmarked by 15 memberships in different committees of the
Hungarian Academy of Sciences and in boards of societies, giving one elected representative to the
General Assembly of the Hungarian Academy of Sciences.
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Graphene added multilayer ceramic sandwich (GMCS) porous structure
prepared by HIP and SPS techniques

FLAG-ERA.NET “Ceranea”, OTKA NN127723

K. Baldzsi, M. Furké, Z. Liao, V. Varga, S. Gurban, A. Kovdcs, L. lllés, J. Gluch, Zs. Fogarassy, D.
Medved, E. Zschech, J. Dusza, C. Balazsi

Multilayer ceramic composites (MCC) consist of two ceramic materials and, considering basic
properties, they can be divided into two groups: multilayer composites with weak interfaces and
composites with strong interfaces. The sintering of ceramic matrix composites is usually carried out by
raising the sintering temperature below melting point of components.

Graphene added multilayer ceramic sandwich (GMCS) structure can be manufactured using various
methods, such as the stacking of ceramic sheets produced by tape casting or powder lamination or with in
situ layer formation by slip casting, centrifugation or sequential electrophoretic deposition, sintering,
among others. Spark plasma sintering (SPS) and hot isostatic pressing (HIP) were used. Multilayered
graphene (MLG) and graphene oxide (GrO) were added to SisN, ceramic matrix in various amount; 5
wit% and 30 wt% (Fig. 7.1.a). The influence of reinforcing phase on final properties and the relationship
between density, porosity and 3-point bending strength of composites were studied. It was shown, that
both types of graphene addition had similar trend to the modulus of elasticity, namely, the decrease of
strength with increasing graphene content [Ref.7.1., Ref.7.2.].

Graphene (wt%)
R

30 5 30

Applied load: 2.5 N

Applied load: 5 N

a) SEM image with depth profile, b) schematic view of the crack propagation mechanism in GMCS structure.

Detailed elemental analysis of the layers proved the presence of graphene phase after HIP (Fig. 2) and
SPS sintering process, as well, the ZrO, contamination. The graphene was well dispersed in matrix layers
and remained non-oxidized after sintering (Fig 7.2.). The high-temperature liquid phase provided the
vehicle for rapid mass transport and the driving force for densification. The 30 wt% of graphene
reinforcing phase dispersed between ceramic matrix grains creating a “barrier” layer and blocked the
transformation from o to f§ phase [Ref.7.3.].
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a) (LS SR U
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Figure 7.2. Elemental maps of graphene reinforced SisN, based composites.
a) 5 wt% graphene, b) 30 wt% graphene.

The Si3N, / graphene composites exhibited lower friction coefficient (Fig. 7.3.). A four-time reduction
was observed for 30 wt% graphene content, independent of graphene type (MLG, GrO). The friction
coefficient (COF) for 5 wt% MLG and GrO containing composites changed between 0.35 and 0.4, while
for composites with 30 wt% MLG and GrO content had almost similar COF values of 0.2. These low
values are related to the carbon containing tribofilms, the porous structure and characteristic of SizNy4
ceramic matrix [Ref.7.4.].
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Figure 7.3. Friction coefficient measurement of SizN, based composites prepared by SPS.

In conclusion, the uniaxial-pressure assisted sintering such as SPS resulted in a preferential alignment
of graphene in the ceramic matrix, leading to highly anisotropic properties with lower mechanical
behaviour. In the case of HIP, the high-temperature liquid phase provided the vehicle for rapid mass
transport and the driving force for densification. The 30 wt% of graphene reinforcing phase dispersed
between ceramic matrix grains creating a “barrier” layer and blocked the transformation from a to B
phase. In both sintering processes, the homogeneity of graphene addition, the effect of layered structure
and porosity influenced the final properties of GMCS structure.
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An economic and facile method for graphene oxide preparation from graphite
powder

FLAG-ERA.NET “Ceranea”, OTKA NN127723

M. Furko, Zs. Fogarassy, L. lllés, K. Balazsi and C. Baldzsi

A new method for preparing multi-layered graphene oxide powder was developed. In this method the
raw material was commercially available micro-sized graphite powder. The graphite powder was milled
by high-speed attritor mill to reduce the particle size of graphite to nanometre and to exfoliate the graphite
into multi-layered graphene particles (Fig. 7.4.). The graphene particles were then oxidized into graphene
oxide using the combination of strong oxidizing agents, thermal oxidizing and sonication [Ref.7.5.].
Thorough morphological characterizations were carried out to reveal the structure and the size of GrO
particles. Results confirmed that the oxidation process was successful (Fig. 7.5.).

Figure 7.4. SEM images of graphite (a), grapheme platelets (b) and different graphene oxide powders: after
oxidation step first (c), oxidation step second (d) and oxidation step third(e).
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The graphene nanosheets were oxidized in three steps. First, the powders were dispersed in cc. HNO;
solution and stirred at 80 °C for 4 hours then 50% H,0O, was added to the dispersion under continuous
stirring and kept at room temperature for 16 hours. The dispersion was then filtered using filter paper
grade 3, the filtrate washed/rinsed with 30% H,0O, and 96% ethanol and dried at 150 °C in air. In the
second step, the dried powders were collected and put into oven and heat treated at 850 °C for thermal
oxidation. Finally, a portion of treated powders were dispersed again in 96% ethanol and sonicated in
ultrasonic bath for 3 hours at 70 °C to examine the effect of ultrasound on the exfoliation rate of graphene
oxide multilayers, then the solvent was evaporated at 80 °C.
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Figure 7.5. Raman spectra of graphite, MLG and different graphene oxide samples.
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Examination of novel electrosprayed biogenic hydroxyapatite coatings on
SizN,4 and SisN, /MWCNT ceramic composite

T. Zagyva, K. Balazsi, C. Balazsi

Several types of biomaterials are used for total knee and hip replacements in orthopaedic surgery since
the 1970s. Metallic materials, such as titanium alloys and cobalt-chromium have been widely used due to
their excellent mechanical strength and corrosion resistance. Silicon nitride (SisN4) ceramic, beside these
advantageous properties exert two or three times better fracture toughness than metals, thanks to its
microstructure. The high fracture toughness is resulted from the extended crack path along the surface of
the elongated grains. Although there is no chemical reaction between bioinert ceramics (e.g. SizN4) and
the living tissue, bioactive materials can induce tissue reactions in human body. Using a biodegradable
and bioactive temporary coating (e.g., hydroxyapatite HAP) on the implant’s surface could induce tissue
reactions and help avoid the rejection from the body in the critical early few days, after the operation.

Si,N/CNT

Mag = 5.00 K X 4 2 pm EHT = 2.00 kV  Detector = SE2 Mag=500 KX { 2pm EHT = 2.00 kV  Detector = SE2
a) b)
Figure 7.6. Electrosprayed nHAP layer after 45-minute-long ESD process with the same deposition parameter.
a) SisNy, b) SisN,//MWCNT substrates.

The aim of our study was to produce thin nanosized HAP layer on silicon nitride implant material by
electrospray deposition (Fig. 6). To the best of our knowledge, this is the first time that electrosprayed
nanosized hydroxyapatite coatings were deposited on the ceramics, although this method is more cost-
efficient than other widely used deposition techniques like plasma spraying, pulsed laser deposition or
RF-magnetron sputtering. In case of electrospraying, electrically conductive materials are required as
substrates. Ceramics are mostly insulators, therefore special treatments (e.g., doping) are necessary for
creating appropriate substrates for the deposition process. Multiwall carbon nanotubes (3wt.%) were ideal
dopants for increasing the conductivity of SizN4. The carbon nanotubes occurred only inside the substrate.
Using the same deposition parameters, a thin (Sum) nHAP coating was deposited on the MWCNT doped
silicon nitride in 45 minutes (Fig. 6b), while continuous nHAP layer could not form on the pure
(insulator) SisN,4 surface during this time (Fig. 6a) [Ref.7.6.].
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Eco-friendly AION processing

OTKA NNE129976

K. Balazsi, M. Furko, V. Varga, S. Gurban, L. lllés, S. Lamnini, F. Szira, C. Baldzsi

Aluminium oxynitride (AION) has a unique thermal and chemical stability that makes it a perfect
candidate for a wide range of applications. Currently commercially available AION material exhibit
average grain size in the order of 150-200 um; however, development of new methods to control grain
size, especially, at the nano-scale could create materials with improved properties. The most promising
techniques for AION preparation are hot pressing (HP), hot isostatic pressing (HIP) and spark plasma
sintering (SPS).

According to the thoroughly studied literature data and the state of the art on AION preparation, the
currently available and used techniques are still all expensive, as well as being energy and time
consuming [Ref.7.7.]. High temperature above 1600-1900 °C is needed for a long time to achieve
appropriate phase and densification. We intend to develop an eco-friendly preparation method of AION in
which we develop a novel way to reduce the temperature and/or time thus requiring lower energy
(technique, temperature and so on). Moreover, we are planning to recycle and utilize the industrial by-
products or aluminium waste (such as aluminium cans) as Al source.

The aim of our research is a preparation of cheap AION by eco-friendly technology. The oxidization
of base AIN powder with specific surface area 4.0 -8.0 m?/g and an average particle size of 0.80 -1.8 um
for 3, 6 and 10h at 900°C in air atmosphere was the first step (Fig. 7.7.). Hot isostatic pressing for 5h at
1700°C in nitrogen was used for sintering of oxidized powders. The increasing the oxidation time
significantly improved the tensile strength of sintered samples compared to the reference (Fig. 7.8). In the
case of reference AIN, the measured value is 13.8 MPa on average for the 4-point bending test and 159.2
MPa after 10 h oxidation. It shown the significant increasing with oxidation time. The oxidation time has
influence not only on mechanical properties. We showed, that the increasing of oxidizing time, the higher
density, the lower porosity showed the AION after 10h oxidization [Ref.7.8.].
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Figure 7.8. Bending strength of reference (AIN) and sintered AION ceramics with different oxidation times.
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Development of of multiwall carbon nanotube reinforced yttria stabilized
zirconia composites

S. Lamnini, L. lllés, Zs. Horvath, Zs. Fogarassy, V. Varga, K. Balazsi and C. Baldzsi

Zirconia (ZrO,) based materials belong to the most widely investigated and technologically powerful
ceramics applied in several fields. Nowadays, multiwall carbon nanotube (MWCNT) reinforced ZrO,
composites are attracting growing interest, thanks to their ability of self-healing of the crack and the
possibility to tailor the desired nanostructured properties. The aim of this PhD work was the experimental
synthesis of 8mol% yttria-stabilized zirconia (8YSZ) containing 1, 5 and 10 wt% MWCNTSs and study of
the microstructure effect on the mechanical and tribological properties of composites (Fig. 7.9). The
powder morphology of pure 8YSZ has been significantly modified after attrition milling to a refined and
homogeneous microstructure sized of approximately 400 nm with soft grain edges.
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Figure 7.9. Mechanical properties of 8YSZ/MWCNTSs composites. a) hardness measurements, b) crack propagation
in composite with 1 wt% MWCNTS.

8YSZ / 1 wt% MWCNTSs sintered composite owns the highest density 6.76 g/cm®, hardness 12 GPa
(Fig. 7.9.a) and bending strength of 502 MPa besides the lowest porosity of 16.5 % among all the tested
composites.

The analysis of the crack propagation modes showed the presence of MWCNT pull-out, crack
bridging and crack deflections besides more restrained and tapered crack path in the 8YSZ /1 MWCNTs
wt% composite compared to the reference (Fig. 7.9.b). It was showed that these toughening mechanisms
played a vital role in enhancing the resistance to crack propagation. The high degradation of the
mechanical and indentation fracture toughness was well approved in case of 5 wt% and 10 wt%
MWCNTSs addition. This was associated with incoherent and discontinuous matrix, reduced interfacial
bonding due to the deep open pores on the surface, which caused a long unrestrained crack path. It was
shown an outstanding wear improvement of composite with 1 wt% MWCNTSs at low (0.036 m/s) and
high (0.11 m/s) sliding speeds attributed to the formation of a perfectly continuous, uniform tribofilm and
the improved flexural strength and density. Further, the steady state friction coefficient marked significant
decrease at higher sliding speed with 5 and 10 wt% of MWCNTS content [Ref.7.9.,Ref.7.10.].
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Novel method for the production of SiC micro and nanopatterns

A.S. Racz, D. Zambo, G. Dobrik, 1. Lukacs, Z. Zolnai, A. Nemeth, P. Panjan,
A. Dedk, G. Battistig, M. Menyhard

Recently we have shown that it is possible to produce SiC nano-coating at room temperature by
applying ion beam mixing (IBM) on C/Si multilayer structures. Herein we show that the combination of
masking layers with IBM allows the fabrication of patterned SiC structures at room temperature and the
achievable patterned area is scalable up to wafer size. For this purpose IBM was applied on a Si/C
system covered by masks obtained by either conventional lithography technique or nanosphere
lithography.
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Figure 7.10. a) Process of producing 3D structures b) AFM image of the LB-masked sample after mask removal
and one step HF/HNOj etching and one step oxidation. ¢) AFM image the grid-masked sample after mask removal
and HF/HNO; etching, oxidation and additional HF/HNO; etching

The irradiation conditions were chosen by TRIDYN simulation. Due to IBM a SiC rich layer
formation on the non-covered parts of the sample was demonstrated using AES depth-profiling, while the
covered regions have not changed. Thus, in a single-step (the compound formation and the creation of
patterns happened in one step) a tailor made 2D nanopattern of SiC rich regions alongside pure Si has
been constructed at room temperature. Applying additional etching and oxidation processes the 2D
pattern has been transformed to a 3D one consisting SiC rich regions in their original place and holes of
given depths with either C or Si bottom. The scheme of the 3D structure production is depicted in Fig.
7.10.a, while Fig. 7.10.b and 7.10.c provide the AFM images of the different 3D structures. One of the
3D structure produced by applying the Langmuir-Blodgett film was tested for surface-enhanced Raman
scattering (SERS) application. To our knowledge IBM have not been used to produce SERS substrates,
yet. The gold coated 3D structure proved to be SERS active allowing the high sensitivity detection of
biomolecules both in mild and harsh environments. [Ref.7.11.]
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Investigation of the nanostructural background of functionality in the case of
biogenic and biocompatible mineral apatite

OTKA K125100

1) Crystal structure study of bone apatite nanocrystals

V. Kovacs Kis, Zs. Czigany, Zs. Dallos, D. Nagy, I. Dodony

While synthesis and characterization of calcium phosphate biomaterials for biomedical applications
relies on their similar composition to bone and teeth mineral apatite, the atomic structure and nucleation
processes of the biological calcium phosphates themselves are poorly known. Transmission electron
microscopy is a powerful tool for studying structures on the nanoscale. While the atomic structure of
individual tooth enamel apatite, which have much less organic content (< 5%), has been successfully
investigated by HRTEM, nanoscale electron diffraction techniques indicating non-centrosymmetry of the
enamel apatite nanocrystals [Ref.7.12.], no published atomic level structural information on bone apatite
nanocrystals is known up to now.

In [Ref.7.13.] we present the first crystal structure model for bone apatite based on the analysis of
individual nanocrystals by high-resolution transmission electron microscopy (HRTEM) see Fig. 7.11.

f ) A
Figure 7.11. a) [100] HRTEM image of bone apatite nanocrystal is shown with its Fourier transform inserted in the
lower left corner. Fourier components forbidden by P6s/m space group symmetry are encircled. b) Enlarged
symmetry imposed image, mirror planes (m) are marked. The inset is the structure model of P63/m apatite for 2 x 2
unitcells. ¢) Calculated [100] HRTEM image of P64/m F-apatite with 2 4 resolution. The 2D symmetry elements,
mirror plane (m) and glide plane (g), are marked. The inset is the structure model of P6s/m apatite for 2 x 2 unit
cells. Calcium (orange) and phosphorus (blue) atoms are shown, other atoms are omitted for clarity.

By crystallographic image processing we show the loss of hexagonal symmetry along the ¢ axis. To
explain our observations, we propose a structure model for B-type carbonate substitution with O
vacancies localized in the structural channel along the ¢ axis (Fig. 7.12.). This model is in agreement with
the observed absence of the [001] 63 screw axis, and the shift of mirror plane perpendicular to the c axis.
Carbonate substitution is deduced from the measured Ca/P=2 ratio.
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Figure 7.12. Proposed structural model for carbonated F-apatite to interpret HRTEM observations on bone apatite
nanocrystals, 2 x 2 unit cells. Representation of atoms: blue — Ca (dark and light blue are Cal and Ca2 positions,
respectively), orange — P, black — C, red — O, pale red — O vacancies, green — F. [100] zone projection.

Besides symmetry reduction, we give evidence for polarity along [010] direction of bone apatite,
which implies chemically distinct (Ok0) surfaces [Ref.7.12.]. First principles study [Ref.7.14.] indicate
different water adsorption capacities of the two types of surfaces. Bone apatite nanocrystals, which are
platy on (010), have relatively large (0kO) surfaces, which according to our results [Ref.7.13.], are either
Ca or P rich. Ca release in exchange for two hydrogens proved to be energetically favourable [Ref.7.14.],
promoting surface hydratation. Therefore, we propose that the relative orientation of (0k0) facets has
prominent role in resorption processes and also in the adhesion of apatite nanocrystals to the collagen
fibers [Ref.7.13.].

2) Primary dental enamel: nanostructure and mechanical properties

V. Kovacs Kis, Zs. Kovdcs , M. Hegedliis, A. Sulyok, A. Jakab, L. 1llés, K. Hajagos-Nagy, Gy. Radnoczi

“XPS clean” surfaces of deciduous dental enamel, obtained according to the cleaning protocol
established in the previous year, has been subjected to Mg-exchange experiments. The aim of these
experiments was to study under controlled conditions the correlation between Mg-content and mechanical
properties, reported in the first year. To check the effect of crystallinity, morphology and particle size on
Mg incorporation, nanocrystalline hydroxylapatite and amorphous calcium phosphate (ACP)
nanoparticles together with crystalline apatite of pegmatitic origin were also included into the study. Our
results indicate that enamel incorporates more Mg than nanocrystalline hydroxylapatite, in spite of its
smaller specific surface (related to its character of compact ceramics). ACP dissolves and re-precipitates
via forming a metastable nanocrystalline Ca-phosphate phase with stoichiometry Ca:Mg:P = 1:1:2.

Regarding the effect of Mg incorporation on mechanical properties, nanoindentation measurements
were performed in parallel on two halves of the same molar, one subjected to the Mg exchange procedure,
the other not. This method excludes the effect of individual variations in the thickness of the aprismatic
layer, which as reported in the last year, correlates both with native Mg content and with nanohardness.
According to our results, Mg incorporation into dental enamel induces a nanohardness increase by cca. 20
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% with respect to the initial values (Fig. 7.13). According to preliminary HRTEM, this significant
increase is related to a decrease of crystallite size during Mg uptake. These results were presented at two
conferences: full-length papers are in preparation.
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Figure 7.13. Nanoindentation measurements on pristine (upper row) and Mg-treated (middle and bottom row)
primary molar surfaces, array of 10x10 measurement points, 50 um step size.
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Nanostructure investigation of Mg-NbO-carbon nanotube composite
materials for hydrogen storage applications

M. Gajdics, T. Spassov, V. Kovdcs Kis, E. Schafler, A. Révész

Mg-based nanostructured materials have considerable potential for future applications in hydrogen
storage, the main focus of ongoing research activities is improving the desorption properties by applying
different additives and processing techniques. In collaboration with colleagues from the Eotvos
University, several Mg based nanocomposites before and after absorption-desorption cycles were studied
using HRTEM and the effect of the applied additives (Nb,Os, carbon nanotubes (CNT) [Ref.7.15.,
Ref.7.16.], titania nanotubes [Ref.7.17.] and their combinations) and processing techniques (ball milling,
high pressure torsion (HPT)) on the nanostructure was investigated.

According to our results [Ref.7.15., Ref.7.16.], in the ball milled Mg-CNT nanocomposite sample the
interior of the Mg particles contains fairly long CNT sections (several tens of nanometers), which are
slightly bent and mainly intact. After HPT, CNTs are still recognized in the disks; however, they are
heavily bent considerably shorter than the nanotubes in the corresponding as-milled powder. It is evident
from the HRTEM that the torsion procedure does not completely destroy the nanotube structure, which is
crucial for the catalytic effect.

Figure 7.14. a) A HRTEM images of Mg-NbO-CNT_HPT containing a short nanotube section, b) the corresponding
IFFT image using Nb,Os Fourier maxima. Yellow lines mark the egde of CNT, ¢) A nanotube lying parallel to the
viewing direction close to a grain boundary, marked by white line on the enlarged image at the top left corner. The
inset at the bottom right corner shows a typical SAED pattern.

It is noteworthy that CNTs and Nb,Os nanoparticles, when applied together, are located in close
proximity to each other in the HPT processed samples, which is even more evident on HRTEM images
after hydrogen cycling (Fig. 7.14.a) [Ref.7.15.]. We propose that the presence of this kind of
agglomerated catalyst structures might be the reason of the noticeably improved sorption kinetics of the
Mg catalyzed applying both CNT and Nb,Os (Fig. 7.14.b-c).
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Structural and electrical properties of AIN thin films on GaN substrates
grown by plasma enhanced-Atomic Layer Deposition

FLAG-ERA.NET ‘Grifone”

E. Schiliro, F. Giannazzo, F. Roccaforte,Zs. Fogarassy, I. Cora, B. Pécz

Aluminum nitride (AIN) thin films have been deposited by Plasma Enhanced Atomic Layer
Deposition (PE-ALD) onto GaN-sapphire substrates [Ref.7.18.] The morphological, structural and
electrical properties of AIN films with different thicknesses (from 5 to 15 nm see Fig. 7.15.) have been
investigated. They uniformly cover the underlying GaN substrate without pinholes and cracks. All the
AIN thin films show c-axis orientation and their in-plane crystalline arrangement perfectly matches the
hexagonal structure of GaN substrate. In particular, the cross-sectional TEM analysis demonstrated that
the first AIN layers are well aligned with respect to the GaN (001) substrate, while stacking faults
formation is observed in the upper part of the films.

Finally, electrical measurements by Hg-probe on as-deposited AIN showed very low current leakage
across these layers and the presence of a high density two dimensional electron gas (> 2x10* cm™?) at the
AIN/GaN interface. This latter is a consequence of the above discussed good epitaxial quality of the PE-
ALD grown AIN thin films on GaN. These results are promising for future integration of low-temperature
deposited AIN thin films with GaN devices technology.

S nm

Figure 7.15. High-resolution cross-sectional TEM images acquired on the AIN layers with 5 nm (a), 10 nm (b) and
15 nm (c) nominal thickness.
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Structure, mechanical properties and thermal stability of WBC and MoBC
coatings

M. Alishahi, S. Mirzaei, P. Soucek, L. Zdbransky, V. Bursikovd, M. Stupavska, V. Perina, K. Baldzsi, Zs.
Czigany, P. Vasina

Characterization of sputtered WBC and MoBC was performed in cooperation with Department of
Physical Electronics of Masaryk University, Brno, Czech Republic (Brno) and Nuclear Physics Institute
of Academy of Sciences of the Czech Republic, Rez (Rez). The cooperation, which started in 2016 is
promising since deposition of layers that are both hard and fracture tough is difficult. The recently applied
ceramic coatings are generally fragile. The apparently contradictory properties of high hardness and
ductility may be realized in X,BC systems (X = Ti, V, Zr, Nb, Mo, Hf, Ta, W) by an-initio calculations.
In this cooperation WBC [Ref. 7.19., Ref.7.20., 7.21.] and MoBC [Ref.7.22.] films were investigated.

In our previous experiments, we have investigated the effect of C/W ratio on bond structure,
microstructure, hardness, fracture toughness and scratch resistance at constant B content. This year we
added the investigation of the effect of B/W ratio at constant C content. The new results verify former
observations. The layers are mostly amorphous, however, a certain level of short range ordering can be
observed even in the amorphous films, which are manifested in short, curved and irregular lattice fringes
in the HRTEM images. Coatings in the vicinity of W,BC composition are nanocomposites containing
nanocrystals with size of ~ 5nm embedded into an amorphous matrix. All the layers exhibited high
hardness (>20GPa) so they all can be classified as hard coatings. The level of crystallinity played no
crucial role in determining the hardness of the coating, while the effect of the coating structure and
bonding was clear — the densest coating with the highest relative amount of W-B bonds exhibited the
highest hardness of ~ 29 GPa. Furthermore, the presented coatings exhibited high adhesion to industrially
important substrates as well as scratch and crack resistance unmatchable by current top-of-the-shelf
industrial protective coatings of comparable hardness. The bond state and structure of the amorphous and
nanocrystalline WBC coatings were compared with ab-initio calculations [Ref. 7.21.].

HAADF overview

Z contrastimage

L 150nm

Figure 7.16. STEM-HAADF image of a WBC coating sputtered in an industrial chamber. The hierarchic multilayer
structure, composed of ~5nm layers, was formed due to the double rotation mechanism of the sample holder.
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WBC coatings might pave the way to the next generation of coatings for tool protection. As an
example the STEM HAADF image of a WBC coating deposited in an industrial chamber is shown in
Fig.7.16. Based on HAADF and Spectrum Images a hierarchical multilayer structure was revealed which
is composed of ~5nm layers. The complicated multilayer structure was formed due to the double rotation
mechanism of the sample holder [Ref.7.20].

After annealing at 1000°C of MoBC films Mo,C and Mo,BC phases were formed embedded in a
nanocrystalline matrix [Ref.7.22].At high Mo content nanocrystalline Mo,C phase, at low Mo content
Mo,BC phases were formed. At medium Mo content the structure was almost amorphous. The hardness
and elastic modulus of the layers always increased after annealing, in some cases reaching the 29GPa and
500GPa values, respectively. Co diffusion from the WC(6%Co) substrate and the formed nanocrystalline
phases were identified based on HRTEM, STEM HAADF and EDS elemental maps (Fig. 7.17).

Figure 7.17. a) HAADF image of a MoBC film with 45 at% Mo content after annealing at 1000°C, b) its EDS
elemental map. The interaction between the WC(6%Co) substrate and the film can be observed in the EDS
elemental map: the Co content of the substrate diffuses into the film to 100-200nm depth. By the Fourier transform
of the HRTEM image (c) orthorhombic Mo,BC phase can be identified embedded in a nanocrystalline matrix.
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Influence of bath additives on the thermal stability of the nanostructure and
hardness of Ni films processed by electrodeposition

T. Kolonits, L. Péter, |. Bakonyi, J. Gubicza and Zs. Czigdany

The effect of various organic additives (such as saccharin and trisodium-cytrate) on the microstructure
(grain size, dislocation and twin densities), mechanical properties and thermal stability of
electrodeposited Ni films was investigated by X-ray diffraction (XRD) line profile analysis and
transmission electron microscopy (TEM). The main task of the project is to investigate the thermal
stability of different initial microstructures, which could be formed by solving organic additives in the
original electrolyte.

The electrodeposited layers were deposited at room temperature at low current density onto copper
substrate. The basic electrolyte mainly contained nickel-sulphate (NiSO,4-7 H,0) and boric acid (HsBO3).
XRD and TEM grain size and phase analysis was carried out to determine the microstructure. Hardness
tests were made to examine the mechanical properties. Heat treatment (at 400, 500, 600, 750 and 1000 K)
was applied to investigate the stability of the micro and macro properties.

During this work, three different initial microstructures were formed: the organic additive free bath
resulted a large grain size (90-130 nm), a low dislocation density (13 x 10**m™) and a (220) type texture.
Trisodium citrate resulted a moderate grain size (60-80 nm) and dislocation density (30 x 10**m™@) and
the direction of the texture changed into (200). The additive saccharin resulted in the smallest grain size
(20-30 nm), the largest defect density (160 x 10**m™), the highest hardness and the texture was
eliminated.

The changes of the hardness and the microstructure during the heat treatment can be followed on Fig.
7.18. It was found that the layer with additive saccharin which showed the highest hardness at room
temperature has the worst thermal stability since the high defect density led to a large driving force for
recrystallization; the recrystallization process occurred between 750-1000 K and took place in a few
minutes. The best thermal stability was achieved in the layer processed with trisodium-cytrate as
recrystallization has not been observed even after heating up to 1000 K [Ref.7.23.].
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Figure 7.18. Hardness, dislocation density and crystallite size of heat-treated electrodeposited nanocrystalline
nickel layers.
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TEM study of nickel silicides

E. Dédony, Gy. Z. Radnoczi

Controlled formation of nickel silicide materials is still extensively studied, due to their impact in
microelectronics. As the industry is heading towards ever smaller device sizes, new challenges arise. The
phase formation and sequence of the nickel silicides differ from the results of the bulk experiments,
because of the restricted dimensions. In order to make and optimize devices and their performance, it is
necessary to learn how the used materials are formed, what is their atomic structure, and how it
transforms as a function of elapsed time.

Due to their importance, we are studying the formation of copper-silicides in thin amorphous silicon
(a-Si) films, with the focus on the development and structure of the y phase Nig; Sij,. The samples — 10nm
thick a-Si foils, supported by a Ni microgrid — were heated in-situ to temperatures up to 600 °C, and the
silicide formation was investigated. The model structure was created by DC magnetron sputtering a layer
of Si in Ar on cleaved NaCl substrate, then, the a-Si layer was transferred to the Ni microgrid by dipping
the NaCl in water. The grid acted as the metal source for the silicide formation, where the phases were
identified through selected area diffraction (SAED) patterns and high-resolution transmission electron
microscopic (HRTEM) images. We have observed polymorphs of the y phase Nis;Sis, with c,=(6, 12, 18,
24 and 36) A - so called Sg Si5, Sis, Sa4, Sss. While working on the new Themis microscope of the Thin
Film Department, we have observed the Sg polymorph, which was not documented to date. We have
determined its structure using techniques of electron crystallography. The good match between simulated
(JEMS) and the gathered experimental data validated the new crystal structure in the Nis;Si;, composition
(Fig. 7.19). (To be published.)
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Figure7.19. a) Fourier-filtered experimental HRTEM image of S6 and
b) it's built structure's simulated HRTEM image



MFA Yearbook 2019 119

A micro-combinatorial study of the optical properties of a-SiGe:H towards a
database for optoelectronics

B. Kalas, Zs. Zolnai, G. Safran, M. Serényi, N. Szasz, G. Dobrik, E. Agocs, Tivadar Lohner, Attila
Németh, Nguyen Quoc Khanh, M. Fried and P. Petrik

In a co-operation with the Photonics Laboratory the optical parameters of hydrogenated amorphous a-
Sil-xGex:H layers were measured with focused beam mapping ellipsometry for photon energies from 0.7
to 6.5 eV. The single-sample micro-combinatorial technique developed at the Thin Films Physics
Department enables the preparation of thin binary samples with full range composition spread. Linearly
variable composition profile was revealed along the 20 mm long gradient part of the sample by
Rutherford backscattering spectrometry and elastic recoil detection analysis. The Cody-Lorentz approach
was identified as the best method to describe the optical dispersion of the alloy.

Amorphous Si;«Gey:H samples were prepared on 10 mm x 25 mm size Si wafers by single-sample”
micro-combinatory that resulted in gradient composition of Si,Ge, with x ranging in 0 < x > 1. The
layers with thicknesses of about 100 nm were deposited in an UHV system by dual DC magnetron
sputtering using a patented, scaled-up technique and device originally developed for synthesizing micro-
combinatorial TEM samples [Ref.7.24., Ref.7.25.]. The device sweeps a shutter with a 1 mm x10 mm slot
in fine steps above the wafer meanwhile the power of the two DC magnetron sources is regulated in sync
with the slot movement that creates a gradient of the composition. The details were described earlier for
non-hydrogenated a- Si; ,Ge, samples [Ref.7.26.]. The present samples were deposited at a sputtering rate
of 0.4 nm/s, in a mixture of H and Ar. The H partial pressures (pn/p) were 0, 0.05, 0.1 and 0.2 and the
total plasma pressure (p) was kept at 3x10™° mbar.
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Figure 7.20. a) Atomic fractions of Si and Ge showing the incorporated H for pH/p = 0.2 of the SiGe layer along
the sample measured by RBS, b) atomic fractions of H evaluated from ERDA spectra applying simulations by the
RBX software [4] for samples with p,/p = 0.1 and 0.2, respectively).

The 25 mm long samples exhibit a 20 mm long gradient a-Si, Gey :H track enclosed between 2.5 mm
long lead-in sections of pure Si and Ge, respectively. The sample position “0” belongs to the Si-rich side
of the gradient track. Fig.7.20.a depicts highly linear curves of Si, Ge and H atomic fractions, along the
sample, measured by RBS and ERDA, while Fig. 7.20.b represents the H-content change with the
position from Si-rich to Ge-rich layer, that proves different H-incorporation into Si and Ge. [Ref.7.27.].
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Figure 7.21. Real and imaginary parts of the complex refractive indices of a-Siy.,Ge,:H thin films (left and right
column, respectively) with different partial pressures of H (pH/p = 0;0:05, 0.1 and 0.2) as a function of both the
position along the 20 mm long gradient section (composition) and photon energy. According to the RBS plots, the
position at 0 mm corresponds to the Si-side of the sample.

Fig. 7.21 shows maps of both n and the extinction coefficient (k) of all samples (pH/p = 0, 0.05, 0.1
and 0.2) in the whole range of compositions, for photon energies from 0.7 to 6.5 eV. n and k were
obtained by fitting the measured spectra using the Cody-Lorentz (CL) optical model. The features in both
n and k show a linear change with the position, hence, also with the composition. The single broad peak,
characteristic of amorphous semiconductors can clearly be identified in all maps. The peaks are shifted to
smaller photon energies as the composition changes from Si to Ge (positions from 0 to 20 mm). There is
also a remarkable shift of the peaks vs. H content towards a higher band gap, smaller amplitude and
broadening. The maps in Fig. 7.21 represent a complete database for optical properties of a-Si;Gex:H.
The effect of incorporated H on the optical absorption is explained by the lowering of the density of
localized states in the mobility gap. It is shown that in the low-dispersion near infrared range the
refractive index of the Sil,Ge, alloy can be comprehended as a linear combination of the optical
parameters of the components. The results revealed above prove that micro-combinatorial sample
preparation combined with mapping ellipsometry is not only suitable for the fabrication of samples with
controlled lateral distribution of the concentrations, but also opens new prospects in creating databases of
composition dependent properties of compounds for optical and optoelectonic applications.

This work was supported by the Economic Development Innovation and Operative Program. GINOP #
2.1.7-15.
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Ceramic dispersion strengthened sintered stainless steels after thermal ageing

MTA Hungarian — Japan Bilateral project (CeramODS)

C. Balazsi, K. Balazsi, H. R. Ben Zine, M. Furko, Zs. Czigany, L. Almq’sy, V. Ryukhtin, H Murakami, G.
Galler, O. Yucel, F. C. Sahin, S. Kobayashi, A. Horvdth

Oxide dispersion strengthened (ODS) ferritic steels can be used as large scale structural materials in
many industrial applications owing to their excellent corrosion resistance in oxidising and/or sulphidising
environments. The ODS are useful base materials for boilers and turbines of power generation plant co-
firing coal or gas with renewable fuels such as biomass for high temperature, high pressure tubing
applications, fast breeder reactors and blanket applications for fusion reactors.

The aim of research was the development of the ultrafine grained silicon nitride by powder technology
has been studied. The effect of the yttria addition to the morphological, structural, mechanical and
magnetic properties of the ceramic dispersion strengthened 316L stainless steels was studied.

Two composites have been prepared: 316L/0.33 wt% SizN, and 316L/1 wt% SizN, (CDS). Spark plasma
sintering (SPS) was used for fast compaction of milled composite powders (Fig. 7.22.a) [Ref.7.28.].
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Figure 7.22. Si3sN, ceramic dispersed strengthened steel. a) structure, b) SANS measurements.

The samples were enclosed in a vacuum quartz tube and then aged at 600 °C in a high-temperature
furnace up to 10 h and 20 h. For CDS with 1wt% SisN, ageing was carried out also at 800 °C. The
hardness values have been found to be twice as higher (300 HV) in the cases of CDS samples in
comparison to reference sample.

SANS data measured on the sintered samples at DBC-SANS facility are presented in Fig. 7.22.b. The
scattering curves obey Porod law (I~Q-3) over the whole measured g-range. This corresponds to the
interface scattering from particles larger than several micrometers. This scattering behaviour is observed
for sample with 1wt% of SisN, (Fig. 7.22.b). However, SANS on 316L+ 0.33 wit% of SizN, has
demonstrated presence of smaller (submicron) size particles. The scattering data were fitted to a model
scattering of spherical particles with log-normal size distribution, and the fitted averaged diameter is
obtained as <D> = 441 £ 33 nm. The presence of smaller grains in this sample is probably caused by their
better dispersion in the steel matrix, and contribute to the favourable mechanical properties of these CDS.

To investigate possible microstructural changes with ageing, EBSD measurements were performed for
CDS sample with 1.0 wt.% SisN, aged at 800°C. The average grain size is ~14 microns and small amount
of bcc iron structure (< ~ 0.2%) was also detected for this sample (Fig. 7.23.a). The magnetic
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characterization of samples demonstrated that the samples exhibit ferromagnetic property already before
ageing and a larger ferromagnetic component was observed as a result of thermal aging.

Fig. 7.23.b shows data for CDS samples with 1.0 wt% Si3N, inclusion, aged at 800°C. The sample
exhibits ferromagnetic property before ageing, associated with a hysteresis around zero magnetic field. In
particular, for the sample used for ageing at 800°C, we observed a large ferromagnetic component, which
evolves with thermal ageing.
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Figure 7.23. a) EBSD inverse pole figure (IPF) map of CDS samples with 1.0 wt% Si3sN, for ageing time of 20 h,
showing crystal orientation along the normal direction of sample surface. The insets show phase color map. The
crystal structure of SisN, was not considered in this analysis, b) Magnetization curves for 1.0 wt.% SizN, CDS
samples aged at 800°C.

The magnetic characterization of samples demonstrated that the samples exhibit ferromagnetic
property before ageing and a large ferromagnetic component was observed, which evolved with thermal
aging [Ref.7.29.]. It was proven that for ODS and CDS samples with a low amount of Y,0; or Si3N,, the
saturation magnetization was slightly dependent on ageing time, however, it exhibited a noticeable
change with ageing both at 600 and 800 °C for samples containing higher amount of additives.
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Si(B) a prospective material for quantum electronic applications
VEKOP-2.3.3-15-2016-00002

J.L. Labar, M. Menyhard, A. Sulyok, L. lllés, F.Chiodi, S. Lequien, F. Lefloch, F. Nemouchi

Gas Immersion Laser Doping (GILD) of Si with boron provided shallow, box-like regions, where B
concentration exceeds thermodynamic equilibrium level without forming precipitates. In such material,
superconductivity was measured below 1 K. However, to detect either the concentration, or spatial
distribution of B is a difficult task. In the present paper, we show a TEM-based method for measuring B
concentration and determining the extent of the heavily B-doped region.

Preparation of the TEM lamella and examination of the native sample with SEM/EDS was done in a
SCIOS-2 type dual-beam FEG-SEM/FIB equipped with Oxford X-maxN 20 type EDS. FIB-lamellae
were cut by Ga+-ions with special care taken to avoid heating of the samples during preparation. The
selected region was protected by Pt-deposition prior to cutting. First an <100 nm thick Pt was deposited
by e-beam assisted deposition (2 kV, 3.2 nA), followed by a thicker (1.5 pm) ion-beam assisted deposited
Pt layer (30 kV, 300 pA). The trenches at the two sides of the lamella were milled with a 30 kV Ga-ion
beam (15 nA). When the lamella reached 3 pm thickness, it was further thinned in the bulk with 30kV, 7
nA ion current down to a thickness of 1.5 um. Then it was cut out (30 kV, 5 nA) and welded to the TEM-
grid (using back-sputtering at 30kV 5 nA) for further thinning. The thinning started with 16 kV 50 pA
Ga-beam. Polishing in two steps: 5 kV 48 pA followed by 2 kV 27 pA till proper transparency.

TEM and energy-disperse X-ray spectroscopy (EDS) examinations were performed in a Titan Themis
G2 200 STEM equipped with a four-segment Super-X EDS detector. The corrector for the spherical
aberration (Cs) was applied at the imaging part, while no probe-correction was present. Image resolution
limit is 0.08 nm in phase-contrast HRTEM mode, while resolution is 0.16 nm in STEM Z-contrast
imaging mode (by using a Fishione high-angle annular dark-field (HAADF) detector). HRTEM images
were recorded at 200 keV with a 4k x 4k CETA 16 CMOS camera.

Auger Electron Spectroscopy (AES) depth profiling of B was done in STAIB DESA 150 analyser with
pre-retarded CMA. Depth profiling with AES did not require any preparation prior to insertion into the
UHV. Depth profiling: projectile Ar+, energy 1 keV, angle of incidence 75° (with respect to surface
normal), specimen rotation during sputtering. Using these parameters for sputter removal, bombardment
induced roughness is not expected.

First, we proved that the layer close to the surface really contains B, as expected. A sample without
any prior preparation was inserted into the SEM and an EDS spectrum was recorded with 1 kV primary
electron beam energy, to ensure that the excited volume is within the top 30 nm of the sample. Fig.7.24.
shows that B K-line and Si L-line are clearly present. However, the commercial program of the EDS
could not give quantitative result at that energy with the Si L-line.

Next, Auger electron depth profiling was carried out starting from the native surface. Fig. 7.25
demonstrates that B is only present in the layer close to the surface and its concentration does not vary
with depth. Thus, the procedure resulted in a good quality homogeneous B doping. Both the depth scale
and the concentration value were fitted to the TEM result.

Finally, the cross-sectional TEM lamella was examined by TEM. Note that EDS in the TEM was
unable to measure B properly, due to the extremely high overvoltage. Electron diffraction proved that the
crystal structure in the layer is identical to that of Si. Measurement of both the B concentration and the
thickness of the B-doped layer were based on observation of the change in the lattice parameter due to the
difference in the atomic radii of Si and B. The resulting strain and lattice defects made the layer visible
even in the bright field (BF) image in the TEM. However, it was only the lattice resolution image
(HRTEM) recorded by phase contrast (Fig. 7.26.), that facilitated measuring the change in the local lattice
parameter quantitatively. That difference in lattice parameter was converted into local B concentration by
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using the Vegard’s law. Boron in pure form cannot be found in cubic structure, so Vegard’s law cannot be
applied to the pure end-members of the oversaturated Si(B). However, the x-ray diffraction database
contains Si-1%B, which has the same crystal structure as Si, which still allows to rely on Vegard’s law.
As it is seen in Fig.7.26, the thickness of the B-doped layer is 30 nm. It also contains stacking faults
occasionally. Selecting regions without crystal defects, we can measure the lattice parameter both in the
layer and in the pure Si substrate. The latter one was used to fine-tune the calibration of the magnification
of the TEM. Table 7.1 summarizes the measurement results on several images. As a result the B-content
is 7,15+2,86 at% in a 30 nm thick layer. The scatter is probably a superposition of both local variation
and measurement uncertainty.

Magnification
FFT # Miller index | d-in-layer d-in-Si d-in-Si-1%B | B[at%] of HRTEM
915 333 1,035 1,0450 1,0424 3,88|630k
921 333 1,033 1,0450 1,0424 4,85 | 800 k
923 333 1,029 1,0450 1,0424 6,21]380 k
924 333 1,015 1,0450 1,0424 11,65|380 k
927 333 1,022 1,0450 1,0424 9,131380k

Table 7.1. B-concentration determined from HRTEM images on the basis of Vegard'’s law.

This research was supported by VEKOP-2.3.3-15-2016-00002 of the European Structural and
Investment Funds.
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Figure 7.25. AES depth profile from native surface of the implanted layer.

Figure 7.26. HRTEM image from css section of the sample.
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Complex Systems Department

Head: Dr. Gyorgy SZABO, D.Sc., scientific advisor

Research Staff: Ph.D. students / Diploma workers:
* Balazs Kiraly »  Kristof Hodsagi (BME, BSc-MSc student)
» Istvan Borsos »  Gergely Bunth (BME, BSc-MSc student)
s Zoltan Juhasz PhD »  Beatriz de Simeoni (BME, MSc student)

«  Géza Odor D.Sc., scientific advisor
» Attila Szolnoki D.Sc., scientific advisor

The research field of the group is the investigation of complex systems by the methods of statistical
physics in equilibrium as well as non-equilibrium states. The theoretical investigation of multi-agent
evolutionary game models studies processes supporting fair behavior of individuals by numerically
analyzing mathematical models when a player’s own interest opposes that of the community.
Mathematical models have been used to investigate the effect of one kind of penalties, the combinations
of the rules of strategy updates, and systems in which the income of the players is obtained from two or
three interconnection systems (communities). Decomposing matrices into elementary (orthogonal)
components allows the identification and frequency analysis of elementary interactions causing social
dilemmas in potential games. The systematic examination of elementary interactions of evolutionary
matrix games unearthed two newer versions of social dilemmas. In the first case the macroscopic system
develops into a state of higher average income, because of the greater number of possible microscopic
states. In the second case the anomalous consequence of cyclic symmetry-breaking forces the system
develops into the state of lower average income. Because of the cyclic dominance, however, this system
returns to the initial state, where the newer and newer similar avalanche phenomena cause huge
fluctuations both in the proportions of the strategies and in the incomes.

Using traditional concepts and methods of statistical physics the critical dynamical properties of

synchronization phenomena were analyzed in Kuramoto type models appearing in brain and electrical
power-grid models. They extend the investigation of the general characteristics of the Griffiths phase to
inhomogeneous networks of modular structures. In these models frustrated synchronization and chimera
states emerge, slowing down the dynamics and causing non-universal power-law distributions in the
synchronization times.
The increase of data in folk music and genetic data sets implies the continuous improvement of
algorithms to analyze them. The newly developed algorithms are able both to identify clusters and to
follow the evolutionary inheritance of clusters, both in genetic (haplogroup) features and in popular
characteristics of folk music tunes.
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Bursts in three-strategy evolutionary games on a square lattice
OTKA K120785

G. Szabo, B. Kiraly, and K. Hodsagi

The evolutionary potential games exhibit thermodynamic behaviour if the strategy updates are
controlled by the so-called logit rule which is a consecutive selfish one-site strategy updates resembling
dynamics used widely in Monte Carlo analyses of many-particle systems. Now we have considered three-
strategy evolutionary games on a square lattice when the pair interactions are composed of three types of
elementary interactions. The first component is equivalent to the three-state Potts model and it results in
the formation of one of the three equivalent homogeneous states at low noise levels. The second
component favours the first strategy similarly to the application of a suitable external field in spin
systems. The third component describes Rock-Paper-Scissors type cyclic dominance. In contrary to the
naive expectation the presence of cyclic component yields paradoxical effect. Namely, instead of the
externally supported (first) strategy the system will be dominated by its predator (second strategy). The
homogeneous state of the second strategy, however, is unstable. Due to the cyclic dominance a
sufficiently large island of the third strategy can expand as illustrated in Fig. 8.1.
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Figure 8.1. Evolution of strategy distribution if a sufficiently large circular island of strategy 3 (blue pixels) is
inserted into the sea of strategy 2 (white pixels). The growth of the island of strategy 3 is reversed when the strategy
1 (black pixels) occurs and invades the territory of 2s. Sooner or later, however, the black domains are also
shrunken via the same mechanism.
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In the homogeneous states the sufficiently large predator domains can occur via a nucleation
mechanism which is well described in material sciences. The curiosity of these phenomena is that here
two (or more) consecutive nucleation processes drive the system back to the state dominated by strategy
2. Notice that for three-state cyclic dominance the most aggressive strategy cannot expand after having
eliminated its prey and finally its predator invades the whole system because of the extinction of its
predator.

In these systems similar bursts can occur anywhere via the stochastic processes mentioned above. The
frequency of these bursts is proportional to the system size and it decreases with the noise. At the same
time the maximum extension of these bursts increases when the noise level is reduced. Fig. 8.2 shows the
frequency of strategy 3 for parameters when the bursts are well separated in time.
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Figure 8.2. Typical time-dependence of the frequency of strategy 3 in a large system for low noise levels when the

bursts (illustrated in Fig. 1) occur rarely. In these Monte Carlo simulations we used large linear system size (it is
varied from L=1000 to 2800), thus these bursts may include more than 100,000 lattice sites.

The quantitative analyses of the fluctuations in the strategy frequencies have indicated huge increase at
low noises despite of the relevant reduction of the average bursts frequencies.
Finally it is worth mentioning that the above model represents a type of social dilemma when the
paradoxical effect of cyclic dominance drives the system into a social trap where the average income is
not optimal at low noise levels. It is found, however, that in a narrow range of noise level these systems
can achieve higher average income [Ref.8.1].
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Seasonal payoff variations and the evolution of cooperation in social dilemmas

OTKA K120785

A. Szolnoki and M. Perc

Varying environmental conditions affect relations between interacting individuals in social dilemmas,
thus affecting also the evolution of cooperation. Oftentimes these environmental variations are seasonal
and can therefore be mathematically described as periodic changes. Accordingly, we here study how
periodic shifts between different manifestations of social dilemmas affect cooperation. We observe a non-
trivial interplay between the inherent spatiotemporal dynamics that characterizes the spreading of
cooperation in a particular social dilemma type and the frequency of payoff changes. In particular, we
show that periodic changes between two available games with global ordering best be fast, while periodic
changes between global and local ordering games best be slow for cooperation to thrive. We also show
that the frequency of periodic changes between two local ordering social dilemmas is irrelevant, because
then the process is fast and simply the average cooperation level of the two is returned. The structure of
the interaction network plays an important role too in that lattices promote local ordering, whilst random
graphs hinder the formation of compact cooperative clusters. Conversely, for local ordering the regular
structure of the interaction network is only marginally relevant as role-separating checkerboard patterns
do not rely on long-range order.

0 0.5 1 1.5 2
T

Figure 8.3. Colour maps encoding the stationary density of cooperators on the full T—S plane obtained on square
lattice. The payoffvalues (TI = 0.9, SI =0.1) and (T2 =T, S2 =S) are exchanged periodically with period v = 1.
In the snowdrift quadrant (SD), seasonal effects have a very similar impact on cooperation regardless of the applied
interaction network. Conversely, in the stag-hunt (SH) and the prisoner’s dilemma quadrant (PD), cooperators fare

better under seasonal variations.
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Figure 8.4. Left: Time evolution of the cooperation level fC in the stationary state, as obtained for different values
of T in the snowdrift game (T=2, S=0.5). Right: Time evolution of the cooperation level fC in in the stag-hunt game
(T=0.92, S=—0.5). It can be observed that the relaxation dynamics for the snowdrift game is fast, while for the
harmony game and the stag-hunt game, it is comparatively much slower.

We have shown that there exists a non-trivial interplay between the inherent spatio-temporal dynamics
that characterizes the spreading of cooperation in a particular social dilemma type and the frequency of
payoff changes. The inherent spatiotemporal dynamics is affected by the parameterization of the two
games entailed in the switch, and by the structure of the interaction network. In particular, when
cooperation proliferates by means of compact clusters, as is the case in the harmony game, the stag-hunt
game, and the prisoner’s dilemma game, the relaxation times are longer and the translation invariant
feature of an interaction graph promotes the local emergence of a coordinated state that is necessary for a
spreading process to reach a global ordering. Accordingly, we have shown that periodic changes between
two games with global ordering should be fast for cooperation to be promoted, and preferably unfold on a
network without long-range links, like a square lattice. If an interaction network with long-range links is
used, like a regular random graph, then the irregular structure hinders the formation of compact clusters,
which in turn impairs the evolution of cooperation. Since the observed behaviour is strongly related to the
diverse speed of spreading at different payoff values, we may expect conceptually similar behaviour in
scale-free and multilayer complex networks as well. [Ref.8.2].
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Critical synchronization dynamics of the Kuramoto model on
connectome and small world graphs

OTKA K128989

G. Odor, J. Kelling, R. Juhasz and G. Deco

We considered the Kuramoto model on sparse random networks such as the Erdés—Rényi graph or its

combination with a regular two-dimensional lattice and study the dynamical scaling behaviour of the
model at the synchronization transition by large-scale, massively parallel numerical integration. By this
method, we obtain an estimate of critical coupling strength more accurate than obtained earlier by finite-
size scaling of the stationary order parameter. Our results confirm the compatibility of the correlation-size
and the temporal correlation-length exponent with the mean-field universality class [Ref.8.3.].
The hypothesis, that cortical dynamics operates near criticality also suggests, that it exhibits universal
critical exponents which marks the Kuramoto equation, a fundamental model for synchronization, as a
prime candidate for an underlying universal model. Here, we determined the synchronization behavior of
this model by solving it numerically on a large, weighted human connectome network, containing 836733
nodes, in an assumed homeostatic state. Since this graph has a topological dimension d < 4, a real
synchronization phase transition is not possible in the thermodynamic limit, still we could locate a
transition between partially synchronized and desynchronized states. At this crossover point we observe
power-law—tailed synchronization durations, with 1t =~ 1.2(1), away from experimental values for the
brain. For comparison, on a large two-dimensional lattice, having additional random, long range links, we
obtain a mean-field value: tt =~ 1.6(1). However, below the transition of the connectome we found global
coupling control-parameter dependent exponents 1 < tt < 2, overlapping with the range of human brain
experiments. We also studied the effects of random flipping of a small portion of link weights, mimicking
a network with inhibitory interactions, and found similar results. The control parameter dependent
exponent suggests extended dynamical criticality below the transition point [Ref.8.4., Ref.8.5.].

Figure 8.5. Network of the modules of the KKI-18 human connectome graph is shown. The size of circles is
proportional with the number of nodes.
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Figure 8.6. Duration distribution of on the KKI-18 model for growth K = 1.4 (bullets), 1.5 (boxes), 1.6 (diamonds),
1.8 (triangles). The dashed line shows PL fits to the tail region: tx > 20.
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[Ref.8.2].A. Szolnoki and M. Perc, Scientific Reports, vol. 9, no. 12575, 2019.

[Ref.8.3] R. Juhasz, J. Kelling, and G. Odor, Critical dynamics of the Kuramoto model on sparse random networks,
J. Stat. Mech. (2019) 053403

[Ref.8.4] G. Odor and J. Kelling, Critical synchronization dynamics of the Kuramoto model on connectome and
small world graphs, Scientific Reports 9 (2019) 19621.

[Ref.8.5.] Géza Odor, Jeffrey Kelling and Gustavo Deco The effect of noise on the synchronization dynamics of the
Kuramoto model on a large human connectome graph, arXiv:1912.06018
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SEMINAR TALKS IN 2019

2019.02.27 ,Merre fejlodik az optikai mikroszkop méréstechnikai szemszogbdl?” Agocs Emil (EK MFA)
2019.03.06 ,,Topologikus, alacsonydimenzios elektronrendszerek vizsgalata” Nemes-Incze Péter (EK MFA)
2019.03.13 "A gép forog, az alkoto pihen(het?)" Hajnal Zoltan (EK MFA)

2019.03.20 ,,Energiagytijtovel ellatott vezeték nélkiili szenzorhalozatok™ Szappanos Miklés (EK MFA)

2019.04.10 ,,Ferromagneses anyagok roncsolasmentes vizsgalata magneses hiszterézis alhurkok mérése alapjan”
Vértesy Gabor (EK MFA)

2019.04.17 ,,Tobbkomponensi (HEA) vékonyrétegek ndovekedési (nano)szerkezete” Radnoczi Gyorgy (EK MFA)
2019.04.25 ,,Szerves szennyezOanyagok a vizeinkben és azok lebontasa nagyenergiaji ionizald sugarzassal” Toth
Tiinde (EK EKBI)

2019.04.30 ,Making Graphene Auxetic” Krzysztof W. Wojciechowski (Institute of Molecular Physics, Polish
Academy of Sciences, Poznan, Poland)

2019.05.15 ,,A jovo a felfedezésben: graviticidos hullamok a detektoroktdl az asztrofizikaig” Marka Szabolcs
(Department of Physics, Columbia University, New York)

2019.05.29 ,,A kétszinli lepke szinevaltozasai” Mark Géza (EK MFA)

2019.06.05 ,Mit csinalnak az orvosok a lézerekkel ... no meg a betegekkel?” Horvath Zoltan (Wigner SzFI)
2019.06.19 ,,Egy minta elvii mikrokombinatorika kétkomponensii vékonyrétegek Osszetétel-fliggd tulajdonsagainak
TEM, RBS, XRD, nanoindentécids és ellipszometrias vizsgalatara” Safran Gyorgy (EK MFA)

2020.07.05 ,,Metallurgical Phenomena and Hot Cracking Behavior During Welding” Kota Kadoi (Joining and
Welding Research Institute, Osaka University)

2019.09.03 ,,Investigation of optrodes for infrared stimulation in the deep tissue” PhD héazivédés, Horvath Agoston
Csaba (EK MFA)

2019.09.04 , Fazisatalakulasok evoltcids potencialjatékokban” PhD hazivédés, Kiraly Balazs (EK MFA)

2019.11.06 ,,Miért zoldek a falevelek?” Mark Géza (EK MFA)

2019.11.13 ,,Kozo6sségi tragédiat okozd kdlesonhatasok és folyamatok az evolucids jatékelméletben” Szabo Gyorgy
(EK MFA)

2019.11.20 ,,Szamitogép altal vezért mikropipetta felhasznalasa biofizikai és kolloidikai kutatdsokban” Gerecsei
Tamas (EK MFA)

2020.12.04 ,Rakos sejtek adhézidjanak vizsgalata Epic optikai bioszenzorral: a glikokalix enzimatikus
emésztésének hatasai” Kanyo Nicolett (EK MFA)

2020.12.11 ,Bioaktiv iivegek TEM vizsgalata: nano-skalaji inhomogenitasok szerepe a foszfatképzddésben”
Kovacs Kis Viktoria (EK MFA)
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[16] G. Odor, “Robustness of Griffiths effects in homeostatic connectome models,” PHYSICAL REVIEW E:
COVERING STATISTICAL NONLINEAR BIOLOGICAL AND SOFT MATTER PHYSICS (2016-), vol. 99, no.
1, 2019.



MFA Yearbook 2019 139
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REPORTS, vol. 9, 2019.
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